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ABSTRACT

Plant architecture is the three-dimensional organization of the plant body.-Above
ground architecture is determined by the size, shape and positions of leavesstdiowers;
and underground architecture by roots and rhizomes. We conduct quantitative traIbcus (
mapping in a recombinant inbred line (RIL) population derived from two morphologically
distinct parents$. bicolor andS. propinquum, to identify genomic regions responsible for
vegetative branching pattern and rhizomatousness, respectively, and tddamlitgarisons
between these two traits and among their respective components. We show ovegapeiitg
control of above-ground and below-ground plant architecture, validate quantitatiVecirai
(QTLs) previously reported in an F2 population of the same cross, and discover additiosal QTL
Understanding the genetic determinants of plant architecture shedghtanligenetic
manipulation of plants for a variety of purposes, and advances progress towardsatientibf

underlying genes that may contribute to plant growth regulation.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
Sorghum in a nutshell

With centers of diversity and domestication in northeastern Africa, sorghum is one of
only a few African crops achieving extensive distribution, and also retainsnseme
morphological variation. Although archaeological documentation for the time of tdoaties
and cultivation is still lacking and controversial, it is believed that early siotecagon and
cultivation of sorghum could have dated back to 3000 B.C., and that this plant was introduced to
China and India through the trade routes 2000 years ago (Dewet and Huckabay 196iOn Selec
for widely adapted African wild sorghums for different uses (constructioarraktfood, forage
and beverage) in early stages, followed by formation of new hybrid combinationssast af
human migration, may have contributed to a wide range of variation among sorglowns g
across a large area of the African continent.

To date, sorghum ranks as the fifth most important cereal crop based on production
guantity. In 2010, the world’s sorghum production was 55.7 million tons from approximately
40.93 million ha of land (http://faostat.fao.org). Among many countries that grow sordteum, t
United States, India, Nigeria, Argentina and Ethiopia have the largest productiagroshe
production of sorghum worldwide in 2010 was worth $14.5 billion, following rice ($249.3
billion), corn ($190.7 billion), wheat ($151.8 billion) and barley ($23.1 billion)

(http://faostat.fao.org).



Undoubtedly, sorghum plays a vital role in helping to relieve world poverty in &lvers
conditions. Tolerant to low water inputs, sorghum has the largest gross produaimmaib-
Sahelian Africa where the water supply is limited and the soil is unsuitaldalfmation of
many other crops. Sorghum has been used for a variety of purposes such as food, forage, sugar
and fiber (‘broomcorn’). Increasing demand for food with ongoing population growth, and ne
challenges such as climate change and demand for bioenergy with limited inputst Hugty
sorghum will become of greater interest and importance.

Sorghum is a promising biofuel plant. In 2007, US ethanol production consumed 15-25%
of corn grain production (Rooney, Blumenthal et al. 2007). Sorghum, currently the second
source of grain-based ethanol in the USA, is an outstanding alternative to corn dieenterits
usage for food and adaptability to marginal lands. As a potential successontoaged biofuel
production, lignocellulosic biomass production is advantageous, especially witér grea
utilization of agriculturally degraded lands via a sustainable, perennial sy&teswt sorghum,
with high stalk sugar content, has been planted as an alternative sugar source aadimay
growing interest in biofuel production (Murray, Rooney et al. 2008; Murray, Sharaha2€08).

Sorghum bicolor has a relatively small genome size (~730 Mb), and has long been an
attractive model for understanding functional genomics, biochemical patlandyesvolution in
cereal crops (Paterson, Bowers et al. 2009). Sorghum uses ‘C4’ photosynthiebitiasla
higher CQ assimilation rate above 30°C and is better adapted to subtropical and tropical areas
than ‘C3’ photosynthesis used by rice. The study of sorghum sheds light upon many other
closely related crops such as maize (Zea) and the Saccharinae demiese$. Sorghum shared a

common ancestor with Zea ~12 mya (Swigonova, Lai et al. 2004), and with Saccharum



(sugarcane) ~7.7 mya (Jannoo, Grivet et al. 2007), much more recently than rice, ~42 mya
(Paterson, Bowers et al. 2004).

Sorghum offers a great opportunity to study invasive plants and wEsedsum
halepense (2n=40), an invasive and noxious species across much of the world, disperses widely
through vegetative reproduction by forming abundant and aggressive rhizomespahdbalsh
disarticulation (‘shattering’) of seeds. It is indigenous to western Ashas been introduced
or spread to all continents except Antarctica. A naturally formed tetrapldid,epense is
derived fromS bicolor andS. propinquum, a rhizomatous perennial plant native to Southeast
Asia (Paterson, Schertz et al. 1995). Characterizing and understanding théanblasis and
biological pathways of invasiveness in this plant, using rich information from sorghayn
benefit weed control and development of herbicide, since there are few waysob 8ont
halepense in closely related sorghum fields. On the other hand, rhizomes are precious for
maintaining thick productive stands of many perennial forage plants such as beassidagr
(Cynodon dactylon), growing vigorously to prevent soil erosion, and offering opportunities to
improve agricultural productivity.
Genetic mapping in sorghum

Genetic linkage maps are valuable to study the inheritance of a varieay®ftty assist
molecular breeding and marker-assisted selection, to conduct map-based cidriimg@anmpare
the genetic control of traits between different species. Sorghum genepigavas initiated in
the early 1990s with the advent of RFLP markers, and numerous genetic maps have been
published using different marker systems such as amplified fragmertt [golgimorphism
(AFLP), simple sequence repeats (SSRs) and Diversity Array Techrn(@aégy) markers

(Chittenden, Schertz et al. 1994, Pereira, Lee et al. 1994; Xu, Magill et al. 19941, Bimui et



al. 1999; Bhattramakki, Dong et al. 2000; Kong, Dong et al. 2000; Haussmann, Hess et al. 2002;
Menz, Klein et al. 2002; Bowers, Abbey et al. 2003; Wu and Huang 2007; Mace, Xia et al. 2008;
Mace, Rami et al. 2009). A high-density genetic map (Bowers, Abbey et al. 2003)gorovi
information aiding in the construction of a physical map (Bowers, Arias et al. 2009)eand t
assembly of the sorghum reference genome sequences (Paterson, Bow2@98).aHowever,
use of different marker systems and different crosses to produce a numbeasrehtgenetic
linkage maps complicates further applications of the information. Thus, a sorghum asnsens
map was constructed to bridge different genetic maps, obtain more coveragehomsorg
genomes, align QTLs to genomic sequence, and advance further applicatiorsreotécalar
breeding and positional cloning (Mace, Rami et al. 2009).
QTL mapping in sorghum

Many agronomically important traits, such as yield and quality, areddl@atioy many
genes, and are known as polygenic traits. Quantitative trait locus (QTL) maigpangay to
identify genomic regions underlying important phenotypic variations. Routiredgarchers
assign genetic markers, mostly DNA markers, to chromosomes. Thigngeslinkage map” is
utilized to estimate the position, number, and mode of gene action of genomic redicos/fiia
guantitative traits.

A number of population structures can be applied to QTL mapping, such as badk2ross
recombinant inbred line (RIL), and doubled haploid (DH). Parents selected for cbostoic
the population need to differ for alleles conferring one or more traits of int€heshumber of
individuals in the population generally ranges from 50 to 250 (Mohan, Nair et al. 1997), while
high-resolution mapping requires a larger population size. QTL mapping in Rlinsamgs

advantages. The RIL population is immortal, and can be replicated in mangrscatd



different years. Genotype by environment interaction and heritability carphsreck with
variance components methods.

QTL mapping in sorghum has addressed both traditionally important traits suelfdas vyi
and plant morphology (Rami, Dufour et al. 1998; Srinivas, Satish et al. 2009), and many other
traits that are unique to sorghum related to disease (Agrama, Widle et al. 200Ey&/c
Hermann et al. 2004; Mcintyre, Casu et al. 2005; Totad, Fakrudin et al. 2005; Singh, Chaudhary
et al. 2006; Aljanabi, Parmessur et al. 2007; Parh, Jordan et al. 2008), abiotic sBEs&EeSI
(Tuinstra, Ejeta et al. 1998; Crasta, Xu et al. 1999; Xu, Subudhi et al. 2000; Kebede, Subudhi et
al. 2001; Sanchez, Subudhi et al. 2002), and stay-green (Subudhi, Rosenow et al. 2000; Xu,
Subudhi et al. 2000; Haussmann, Mahalakshmi et al. 2002; Kassahun, Bidinger et al. 2010).
Demand for bioenergy motivates discovery of QTLs of many sugar related $tach as
biomass composition, sugar content, and brix (Ritter, Jordan et al. 2008; Shiringgahi,cfal.
2010; Felderhoff, Murray et al. 2012). QTL mapping is especially useful in petsfc
populations, and characterization of QTLs controlling traits such as vegetainahing,
rhizomatousness, flowering time, shattering and seed size (Lin, Schalt2@95; Paterson,
Schertz et al. 1995; Hart, Schertz et al. 2001; Brown, Klein et al. 2006), provides a great
opportunity to study the evolution and domestication of sorghum. The Comparative Quantitati
Trait Locus Database for Saccharinae Grasses (CSGRqthdZBapo et al. 2013) is an
inclusive tool that allows us to align QTLs to their physical positions, faeilt@amparisons
between Saccharinae crops, and integrate gene annotations, genetic markdepathgppeated

regions.



Vegetative branching in grasses
Introduction

Variations in plant architecture are important for human utilization of thee@eagrass
family for different purposes (McSteen 2009) (Figure 1.1). Cultivated cegad,csuch as rice
and maize, have experienced selection for quick production of synchronized tillersvesriht
heads suitable for mechanical harvesting of seed/grain. On the other hand¢rfopsgéurf
grasses and a number of wild plants are selected for producing abundantiilldizzames for
perennial growth and grazing resistance.

Studying the genetic basis of vegetative branching in cereal crops hasfeade #eld
(Wang and Li 2006; Doust 2007; Wang and Li 2011). Vegetative branching is largelicaignet
controlled, though the causal biochemical pathways may differentiate thdagralysfrom dicot
model plants (Doust 2007). In addition to genetic factors, environmental factors suchitgs dens
temperature, humidity and nutrition, play a vital role in regulating branchiteypaiMoulia,
Loup et al. 1999; Lafarge, Broad et al. 2002; Doust and Kellogg 2006). For examplejmgcreas
plant density will lead to fewer branches, perhaps due to shading and competitiotrifam.
Hormones are another important factor in regulating vegetative branchinge@icZi09).
Auxin and cytokinin have long been known to influence the size and kinetics of axillary
meristems (Beveridge 2006). The identification of the new plant growth horntngelastone,
reveals an additional hormone affecting plant architecture (Gomez-Roldargg=et al. 2008;
Agusti, Herold et al. 2011).
Processes of tillering and branching formation

Plant architecture results from the combined developmental control of the sloabt api

meristem (SAM) and axillary meristems (AM). SAM, a group of celthattip of the primary



axis initiated during embryogenesis, controls the development and elaboratiompfiuey
axis; AM is a group of cells formed in the axils of leaves (McSteen and L2986j). Therefore,
SAM controls the development of the primary axis, whereas the majority ofidneand
variation of branching are influenced by AM.

During vegetative development, AM first initiates and develops into buds. Iregrass
their outgrowth is controlled in a spatial-temporal manner. Tillers ardagmcefrom the basal
nodes of the plants at early developmental stages and grow out in an acropetal Thaseer.
tillers developed from the AM can form their own adventitious roots that resénetbeimary
axis developed from SAM, all contributing to bushy architecture and to yield. Segondar
branches emanate higher up basipetally on stems, and their developmentysanasiéd
during bud stages under genetic and hormonal control (Leyser 2003; Leyser 2006). Those
branches are essential: for example, in maize, the ears are deriveddrAiMg a few nodes
higher than the basal nodes; in other plants, synchronized secondary branches diastigdpar
can be a component of yield.

While tillers are usually developed in an upright manner, they can also vargposiyn
a horizontal manner, resulting in stoloniferous or rhizomatous growth habit. The divergent
development of tillers and rhizomes produces two physiologically differemarédove-
ground tillers produce inflorescences and seeds, and are subject to senestkndaezomes
can store and allocate nutrients for perennial growth under poor conditions even petiseex
of seeds in temperate latitudes, facilitating overwintering and rapwaigesarly in the next
season. Since all our major crops are annual, only a few studies have invegtgaied
controlling the growth habit shift from tillers to rhizomes (Paterson, Schedl. 1995; Hu, Tao

et al. 2003; Westerbergh and Doebley 2004).



Quantitative studies of vegetative branching

Detecting genomic regions conferring plant architecture has beethaffin many
modern crop species. One example is the discovery of the domesticatiah geladiosinte
branched (tbl) in maize (Doebley, Stec et al. 1995). Teosinte and maize are morphologically
different in plant architecture: teosinte bears many lateral branchesaah ending in an
inflorescence or tassel, and each branch may bear their own ears positions atslaongdie
branches in clusters. Modern cultivated maize has evolved with an increase lid@mic&ance
with one or two lateral branches, i.e. the female inflorescence, occurong thwree nodes from
the base of the primary stem. The different architecture of teosinte anelimmmely due to the
tbl genomic region, which was proved by complementation tests. It is now cletirltbatises
decreased apical dominance and profuse lateral branching by regulatsry exeéristem
outgrowth. This gene was cloned and found to encode a putative helix-loop-helix DNA binding
protein in the TCP gene family (Doebley, Stec et al. 1997; Lukens and Doebley 280€4nt R
studies have shown that cis-regulatory sequences >41 kb at intergenic regicresnupfiyl
alter its transcription, supporting the hypothesis that non-coding DNA in magydanomes
may regulate gene expression and quantitative phenotypes (Clark, Wagler et aERQ@6)\.
work ontbl offers methods and information for identifying and comparing dbiielike genes
in many other species as well as genetic engineering of this geoettol the degree of apical
dominance.

Quantitative studies in many other crops reveal genomic regions controéimtg pl
architecture, often involving small effect QTLs unlike maize, suggestatgdifferent crops may
experience different modification of their architecture. Quantitative stutbktail millet

concludes that some QTLs have a general effect in controlling tilleringesathdary branching



while other QTLs contribute specifically to one mechanism. Plant archieeatdioxtail millet
has experienced selection on different sets of genes from that of maizthenatttholog otbl
only exerting a small effect (Doust, Devos et al. 2004).

Tillering of at least two different populations of sorghum has been studienFB a
population derived from two morphologically different pare®iigghum bicolor and its wild
relative, Sorghum propinquum, four QTLs on chromosomes 1, 5, 6, 7 were identified and
collectively explained 23.7% of the total genetic variance (Patersont&ehat. 1995).
Another quantitative study in a recombinant inbred line (RIL) population fronStnghum
bicolor parents, i.e. BTx623 and 1S3620C, discovered two QTLs on chromosomes 1 and 6 in two
environments, the latter overlapping with the QTL found in the former population Gthetrtz
et al. 2001, Feltus, Hart et al. 2006).

Forward genetics is also an effective way to discover genomic regiomslitogtplant
architecture in rice, though different populations yield different sets of QHl,sTao et al.
2003; Li, Zhou et al. 2006; Onishi, Horiuchi et al. 2007; Jin, Huang et al. 2008) in different
developmental stages (Yan, Zhu et al. 1998). The recently fR@G1 (PROSTRATE
GROWTH 1) gene on rice chromosome 7 affects tiller angle and tiller number. Encoding a
C2H2-type zinc-finger motif, this gene functions in both SAM and AMs and effectioalyais
both axillary meristem initiation and outgrowth (Jin, Huang et al. 2008).

In partial summary, quantitative studies of plant vegetative branching have pravide
considerable amount of information and resources for gene identification and @aoding
comparative mapping, exemplified by the malzemutant. Because of the labor- intensive

nature of quantitative study of this trait, evaluation of vegetative branchiatgly regarded as a



priority. More studies on this trait are needed for comparative mapping andedgilugivariation
during domestication and crop improvement processes.
Genes controlling axillary meristeminitiation

Although voluminous literature has described quantitative studies in plant anot@iect
few has been focused on identifying single genes. On the other hand, reveties pase
successfully characterized mutants in rice, maize and barley. Those ncatabts further
categorized into genes controlling axillary meristem initiation and gesr@solling axillary
meristem outgrowth based on their different developmental mechanism. Tnikebsaanches
both arise from axillary buds from leaf axils on the main stem, but their outgeowl dormancy
are also genetically controlled. The functions, biochemical pathways of thegsesrartd their
regulating hormones have been gradually elucidated (Leyser 2003; McSteen 20034 d.i
2011).

One breakthrough is the discovery of the M®NOCULM (MOC1) gene, the mutant of
which is defective in bearing tillers and branches at both vegetative and rep®dtages (Li,
Qian et al. 2003MMOC1 encodes a GRAS family transcription factor, similat$n tomatoes
andLASIin Arabidopsis that controls AM initiation (Groot, Keizer et al. 1994; Greb, Clatenz e
al. 2003). ThéBAl gene found in maize is required for both vegetative axillary meristem
initiation and for early inflorescence development, the homozygous mutant ¢f swhicable to
produce vegetative branches, female ears and a normal male inflorescéeceR&llilla et al.
2002; Gallavotti, Zhao et al. 2004). Th&l locus encodes a bHLH domain, which is conserved
compared to theAX PANICLE (LAX) gene in rice (Komatsu, Maekawa et al. 2003), and
REGULATOR OF AXILLARY MERISTEM FORMATION (ROX) in Arabidopsis (Yang, Wang et

al. 2012), whild_LAX affects axillary meristems only in the inflorescence ROX only in

10



vegetative branches. It is reported tBHE2 interacts withBA1 based on yeast two-hybrid
screening (Gallavotti, Zhao et al. 2004; Skirpan, Wu et al. 2008), and the double mbtdnt of
andbif2 will also affect the axillary meristem initiation during both tilleringlanflorescence
development. Similar to that of maize, double mutbaxtsndspa in rice will lead to defects in
both vegetative branching and inflorescence, suggesting the existence efa gegulatory
mechanism that controls axillary meristem initiation among the graslkyfa

Other genes regulating axillary meristem initiation during \egget development are
REV/OSHB3 that encodes a HD ZIP class Il transcription factor (@aslbeGuzman et al. 2001;
Itoh, Hibara et al. 2008), ar€@lJC1, 2, 3/0OsTIL1 that encodes a NAC domain transcription
factors (Takada, Hibara et al. 2001; Vroemen, Mordhorst et al. 2003; Mao, Ding et al. 2007) in
Arabidopsis and rice, though over-expression@sTIL1 influences the axillary meristem
outgrowth (Table 1.1).
Genes controlling axillary meristem outgrowth

Usually, a plant produces more axillary meristems than it uses. Oncdlaryameristem
has formed, both genetic and environmental factors will determine its dormamatgoowth.
Stimulation such as mowing or grazing may induce the outgrowth of previously-dormant
meristems.. Axillary meristem outgrowth is mostly under hormonal controlciedipehe trade-
off between auxin and cytokinin (Leyser 2003; McSteen 2009). One canonical example of the
effect of auxin is that decapitation will lead to growth of additional axilmanches. Mutants of
genes controlling auxin and related products have been reported to cause adhitstyuae
(Lincoln, Britton et al. 1990; Xu, Zhu et al. 2005; Cheng, Dai et al. 2006). Cytokinin was shown
to promote bud outgrowth, but whether it works independently to auxin (Chatfield, Stirnberg et

al. 2000), or interacts with auxin (Nordstrom, Tarkowski et al. 2004) is still debated. The
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recently found hormone strigolactone (Gomez-Roldan, Fermas et al. 2008; dntédraada et
al. 2008) acts as a new hormone class in regulating above-ground shoot branching. Hbaever
exact hormone levels and their interactions are still under investigation.

A number of studies are focused on genes controlling axillary meristem otligrow
Arabidopsisand rice (Table 1.2) (Wang and Li 2011). Tra@bidopsis more axillary growth
(max) pathway (Stirnberg, van de Sande et al. 2002; Sorefan, Booker et al. 2003) is proved to
affect the outgrowth of axillary meristems, since the number of axitenystems ofmax
mutants is not suppressed. Tiltevarf (d) mutants of rice have similar phenotypesmag
mutants, displaying increasing numbers of branches and reducing heighigested that
those mutants are deficient in synthesizing strigolactone and their sggnadiecules (Gomez-
Roldan, Fermas et al. 2008; Umehara, Hanada et al. 2008).

In maize, the best characterized genggds that was involved in the domestication from
its wild relative teosinte (Hubbard, McSteen et al. 2002). Maize has onlyla akig while
teosinte is highly branche@B1 encodes a TCP transcription factor family member of which an
increasing level will suppress outgrowth of buds. The orthologs of mMBizeOsTBL1 in rice and
BRC1 in Arabidopsis function similarly toTB1, promoting growth arrest of axillary buds
(Takeda, Suwa et al. 2003; Aguilar-Martinez, Poza-Carrion et al. 2BRZ]L acts downstream
of theMAX pathway, as double mutants show e phenotype. In additiolBRCL1 is also
required for the auxin-mediated pathway. ObviousB1/OsTBL/BRC1 are involved in a
conserved pathway in monocots and dicots, though the growth habit of maize, rice and
Arabidopsis vary. Therefore, this similar set of genes may reflect the common evolutionary
origin of the genes and regulatory elements. Further comparison of orthologessrgether

species may clarify this hypothesis and identify their different growttisha
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It is commonly known that vegetative branching is largely affected by enviroament
factors, such as density and nutrition (Doust and Kellogg 2006; Kebrom, Burson et al. 2006;
Whipple, Kebrom et al. 2011). Maize grassy tillgtl] responds to shade by enhancing the
expression ofjt, leading to decreased branching. Furtf8r] acts downstream @iB1, and both
genes suppress axillary bud outgrowth in response to light capture (Whipple, Ketlabm
2011). Similar findings are suggested in sorghum (Kebrom, Burson et al. 2006), whieie lig
sensed by phytochromes. MutantplyB increase th&bTB1 expression that will reduce
branching in sorghum (Kebrom, Burson et al. 2006).

Rhizomatousness

Rhizomes are subterranean stems that grow diageotropically (i.e. peypanth the
force of gravity). They develop either from axillary buds at lower nodetasito tillers, or from
adventitious buds on specialized creeping roots (Gizmawy, Kigel et al. 1985). Rbiaoema
major mechanism of vegetative reproduction and dispersal in many perenssaisgraaking
some of them noxious weeds. Rhizomatous plants such as bermud@gnadsr{ dactylon L.
Pers.) and Johnsongra$erghum halepense L. Pers.) were first introduced to the US as
promising forage crops and to control soil erosion, but their invasiveness and aggressivenes
from rhizomes have made them problematic weeds. Controlling these and marnyestieican
be either costly or difficult. For example, there is currently no means tca@dohnsongrass
from sorghum fields since these two grasses are closely related. Faytiradization between
S bicolor andS. halepense, has worsened the situation and may have increased weediness
(Morrell, Williams-Coplin et al. 2005).

Although there is much concern about the weediness and problems caused by rhizomes,

rhizomes are valuable assets for many perennial forage and turf goasseginuous
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productivity and erosion control. Most of our major row crops being annual, breeding for
perenniality has recently attracted attention to lessen soil erosion ar@mgmvironmental
stewardship by agriculture (Cox, Bender et al. 2002). In many developing csuviteee most
farms are small and family owned, growing perennial plants might beydartattractive, being
less time-consuming and inexpensive. Rhizomes, as an essential component odipgests)
will be beneficial to breeding for perenniality by introgressing rhizepeszific genes into
annual plants (Sacks, Dhanapala et al. 2006). Increasing demand for biofuel fnoicatfeed
stocks makes a strong case to utilize genes for aggressive growth froméeoseand to breed
perennial plants suitable for growth on agriculture-degraded land (Tilmano8oebal. 2009).

Although the molecular control of rhizomatousness is not adequately studied, some work
has been initiated in sorghum (Paterson, Schertz et al. 1995), rice (Hu, Tao et al. 2003; Hu,
Wang et al. 2011) and maize (Westerbergh and Doebley 2004). QTLs for rhizomatoainess f
largely in corresponding genomic regions of sorghum and rice (Hu, Tao et al. 2008)invehil
few cases, QTLs responsible for rhizomatous fall in same genomic regionthiea@lspecies
(Westerbergh and Doebley 2004). This result indicates that genes and pattetiays for this
trait might be conserved in the grass family, so that genes controlling rbk@enass may also
be extrapolated to many other species. That only a small amount of phenotygiceraan be
explained by genetic factors also suggests that rhizomatousness isdffeged by the
environment and displays low heritability (Paterson, Schertz et al. 1995; Wegteabelr
Doebley 2004).

Rhizomes and tillers are developmentally related, since both develop from taeyaxil
buds at the lowest nodes of the plant. In view of this, it was no surprise that somecgenomi

regions controlled both traits (Paterson, Schertz et al. 1995), possibly due to plesdtembsc
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(Westerbergh and Doebley 2004), and that similar sets of genes function in het (g,
Kamps et al. 2006). In spite of their morphological similarities, rhizomes léard aire
physiologically different. Different sets of genes determine therdent development of tillers
and rhizomes and their physiological differences. Above-ground tillers pfttrescences
and seeds, and are subject to senescence, while rhizomes can store and allecdassfoutr
perennial growth under poor conditions even at the expense of seeds in tempende reg
facilitating overwintering and rapid growth in the next season.

Hormonal control of rhizomatousness is similar to that already known to reguibaey
meristems (McSteen 2009). Studies have shown that auxin and cytokinin are esggpriatins
for rhizome development. Similar to tillers, auxin is indispensable in rhizometiod{Kapoor
and Rao 2006). Cooperation of various hormones, such as auxin and cytokinin, determines the
behavior of rhizomes during their life cycle. For instance, when rhizome®arant at the end
of autumn, the level of auxin is low and cytokinin is high. In spring and summer when ehizom
development is active, the level of auxin is high and cytokinin is low (Maslova, Tabalegtkova
al. 2007).

In partial conclusion, discovering QTLSs, genes, biochemical pathways, and hormonal
control of rhizomatousness will shed new light upon plant growth regulation. Elagdgtwth
regulators of rhizomes may advance weed control even in closely related gliehtas
Johnsongrass in sorghum. Knowledge of rhizomatousness may also benefit the improfeme
perennial and turf grasses, and introducing rhizome-specific genes to ampsahey facilitate
breeding for perenniality of biomass feedstock on marginal lands. Thereftmesige and inter-

disciplinary studies are required to fulfill this long-term goal.
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In summary, there has been progress in studying the genetic determirdifies et
aspects of plant architecture using different methods in the past decadestetirarg genes
and their biochemical pathways will improve understanding of both conserved mechamisms
the distinct growth habit among plants, to better unravel the evolutionary fate andicatoes
processes, and facilitate a wide range of applications, such as incrgakingegulating plant
growth, and breeding for perenniality.
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Table 1.1: Genes affecting axillary meristem initiation.

Gene product Arabidopsis Rice Maize
GRAS transcription factor LAS (AT1G55580) MOC1 -
(Os069g0610300)
Basic helix-loop-helix ROX LAX (Os01g0831000) BA1
transcription factor (GRMZM2G397518)
HD ZIP transcription factor ~ REV (AT5G60690) OsHB3 -
(0s12g0612700)
NAC transcription factor CuC1,2,3 OsTILL/OsNAC2 ZmCUC3
(AT3G15170, (Os04g0460600) (GRMZM2G009892)
AT5G53950,
AT1G76420)
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Table 1.2: Genes affecting axillary meristem outgrowth.

Gene product Arabdipsis Rice Maize
P450-type enzyme MAX1
(AT2G26170,)
F-box LRR family MAX2 D3 (0s06g0154200)
(AT2G42620)
Carotenoid cleavage MAX3 D17/HTD1
dioxygenase 7 (AT2G44990) (Os04g0550600)
Carotenoid cleavage MAX4 D10 (0s01g0746400)
dioxygenase 8 (At4g3281Q
TCP transcription factors  BRC1 OsTB1 TB1
(AT3G18550) (Os03g0706500) (AC233950.1_FG002)
Iron containing protein D27 (0s11g0587000)
Hydrolase/esterase D14 (0s03g0203200)
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Figure 1.1: Divergent mechanisms of vegetative ¢inanrg in grasses (adapted from Mcsteen,
2009). A, maize only has a single tiller; B, ricasHillers initiated at early developmental stages;

C, Miscanthus has abundant tillers and rhizomes.
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CHAPTER 2
GENETIC ANALYSIS OF RECOMBINANT INBRED LINES FORSORGHUM

BICOLOR x SORGHUM PROPINQUUM*

! Kong, W, Jin, H, and Franks, CD, et al. 2063: Genes| Genomes| Genetics. 3: 101-
108.
Reprinted here with permission of publisher.
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Abstract

We describe a recombinant inbred line (RIL) population of 161 F5 genotypes for the
widest euploid cross that can be made to cultivated sorgBongh(m bicolor) using
conventional techniques, bicolor x S, propinguum, that segregates for many traits related to
plant architecture, growth and development, reproduction, and life history. The gemgtd m
the S bicolor x S propinquum RILs contains 141 loci on 10 linkage groups collectively
spanning 773.1 cM. Although the genetic map has DNA marker density well-suited to
guantitative trait loci mapping and samples most of the genome, our previous observations tha
sorghum pericentromeric heterochromatin is recalcitrant to recombinahaghlgyhted by the
finding that the vast majority of recombination in sorghum is concentrated inregialhs of
euchromatin that are distal to most chromosomes. The advancement of the RIL gogukti
environment to which th&. bicolor parent was well adapted (indeed bred for) bu&he
propinquum parent was not largely eliminated an allele for short-day flowering ¢timfdwended
many other traits, for example, permitting us to map new quantitative trigibtdowering that
previously eluded detection. Additional recombination that has accrued in the development of
this RIL population also may have improved resolution of apices of heterozygots,exces
accounting for their greater abundance in the F5 than the F2 generati@ bidotor x S
propinquum RIL population offers advantages over early generation populations that will shed
new light on genetic, environmental, and physiological/biochemical factdrethdate plant
growth and development.
Introduction

As a botanical and genomic model for grasSesghum bicolor L. Moench. (sorghum), a

native of tropical Africa that is the most drought-resistant of the world’s vep&real crops, is
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a logical complement to the largely sequenced genome ofOrgea]. Sorghum has
biochemical and morphological specializations to improve carbon assimilatiornat hig
temperatures (C4 photosynthesis), whereas rice uses C3 photosynthesipitalrefty
temperate grasses. Like rice, the most recent genome duplication inrs@ppears to be ~70
million years ago (Paterson, Bowers et al. 2004) simplifying its comparatid functional
genomics. With a high-quality DNA sequence (Paterson, Bowers et al. 2009), the ~740
megabase pair sorghum genome is of high value for better understanding the genoine of ma
(Schnable, Ware et al. 2009) and in particular the impact of an ancient tetraploidize
shortly after its lineage diverged from that of sorghum (Swigonova, Lai 20@4). Sorghum is
of particular importance as a diploid model for the Saccharinae cladeseégrthat includes
recently formed complex polyploids such as Saccharum (sugarcane, cutrentigrid’'s no. 1
biofuel crop), and Miscanthus, among the greatest-yielding of biomass crbopddrs. Midwest
(Heaton, Dohleman et al. 2008). Each of these polyploids share substantial ggimetarity
and synteny with sorghum (Ming, Liu et al. 1998; Kim, Zhang et al. 2012), and Saccharum
guantitative trait loci (QTL) often show positional correspondence to those of so(yhog)
Liu et al. 2001; Ming, Del Monte et al. 2002). One of the few crops suited to all proposed
approaches for renewable fuel production. i.e., from starch, sugar, and/or egBolgthum
itself is presently the no. 2 U.S. source of fuel ethanol from grain (after maizes a promising
cellulosic biofuel crop (Rooney, Blumenthal et al. 2007).

Sorghum bicolor x Sorghum propinquum is thought to be the widest euploid cross that
can be made with the cultige8 picolor) by conventional means, and interspecific populations
from these species offer opportunities to genetically dissect a wideahtrgés related to plant

domestication and crop productivity, some of which have begun to receive attentioanmit
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Schertz et al. 1994, Lin, Schertz et al. 1995; Paterson, Lin et al. 1995; Patersom, Sctlert
1995; Lin, Zhu et al. 1999; Hu, Tao et al. 2003; Feltus, Hart et al. 2006). The opportunities
offered by comparison @&. bicolor andS. propinquum have led to much effort to develop
genomics resources, including a detailed genetic map (Chittenden, Stlakri984; Bowers,
Abbey et al. 2003), bacterial artificial chromosome-based physical malpstfospecies (Lin,
Zhu et al. 1999; Draye, Lin et al. 2001; Bowers, Arias et al. 2005), expressed sequeB&Fjag (
resources (Pratt, Liang et al. 2005), and a genome sequence (Paterson, Baw2gde).

Among many other aspects of growth and developn&htcolor andS. propinquum
differ in characteristics related to perenniality, a life historgtegy for which the Sorghum
genus has become a model (Paterson, Schertz et al. 1995; Hu, Tao et al. 2003; Jang,&{amps et
2009). Both consideration of how to expand agriculture to provide plant biomass for production
of fuels or chemical feedstocks (Tilman, Socolow et al. 2009), and strategibalsnoe food
production with preservation of ecological capital (Glover, Reganold et al. 2010), fauly he
on perenniality. Perenniality may also be a curSerghum halepense, a wild perennial
polyploid resulting from natural hybridization betwe®ticolor andS. propinquum, finds
occasional use as forage and even food (seed/flour) but is most noted as one of teenestld’
noxious weeds, having spread from its west Asian center of diversity across nisia, of
Africa, Europe, North and South America, and Australia. Demonstration thagerces
responsible for variations in size and numbe®arghum andOryza of an important perennation
organ, the rhizome, map to corresponding chromosomal locations (Hu, Tao et al. 2003)s suggest
that information about rhizomatousness from a few models (that are also ropgrmoay

extrapolate broadly to a wide range of taxa.
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By single-seed descent from the s&nicolor x S propinquum F2 population used in
early-generation genetic analysis (Lin, Schertz et al. 1995), we have producexsenmigechere
a recombinant inbred line (RIL) population of 161 F5 genotypes that segregate forrarvgele
of traits, providing a valuable addition to the genetic resources available footargcal and
genomic model. The genetic control of flowering provides an example of howlthe RI
population contributes to improved knowledge of trait inheritance.
Materials and Methods
Genotyping and data analysis

The mapping population comprised 161 F5 recombinant inbred lines derived by selfing
of single F2 plants described previously (Lin, Schertz et al. 1995), from a controksd ¢
between single plants & bicolor BTx623, andS. propinquum (unnamed accession). Leaf
samples were frozen at -80°C and lyophilized for 48 hours. Genomic DNA was ekfraate
the lyophilized leaf sample based on Aljanabi et al (Aljanabi, Forget €199).1°PCR reactions
for SSR analysis were carried out under standard conditions for all primeupiaig 1 U Taq
polymerase with 10X PCR buffer (100 mM Tris-HCI at pH 9, 500 mM KCI, and 15 mM
MgCl2), 2 mM dNTP, 3 mM MgCl2, 0.2 mM of each primer, and 20 ng of DNA template with a
final reaction volume of 10 mL. The thermo-cycling was performed with the follopriogram:
(1) Preheat at 95°C for 3 minutes, (2) denaturation at 95°C for 30 seconds, (3) annealing at 65°C
for 1 minute (-1°C/ cycle), (4) extension at 72°C for 1 minute, (5) 10 cycles of steps [2]6) (4
denaturation at 95°C for 30 seconds, (7) annealing at 55°C for 1 minute, (8) extension at 72°C
for 1 minute, (9) 32 cycles of steps (6) ~ (7), and (10) final extension at 72°C for 5 minutes. The

amplified products were visualized in 10 % polyacrylamide gels with silaerisg.
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Linkage and QTL analysis

A total of 161 F5 individuals were genotyped. MAPMAKER (Lander, Green et al. 1987)
was used for map construction with the data type ‘ri self,” which is suitableedr1L
configuration. Heterozygosity in codominant markers was treated asgnkga by
MAPMAKER because the ‘ri self’ configuration does not recognize it. Majanties, cM, were
calculated using the Kosambi function (Kosambi 1944). Marker loci were groupea{point
linkage analysis with a logarithm of odds ratio (LOD) threshold of 4.0 and a maxdistance
of 30 cM. Local maximum likelihood orders of marker loci were confirmed usingitheer
command. The map was drawn using Adobe lllustrator. In 2009, 2010, and 2011, single 1.5-m
plots of each RIL were transplanted (2009, 2011) or direct seeded at the UnivergtygbG
Plant Science Farm, Watkinsville, GA, in a completely randomized design.riigwiates were
recorded for the first five flowers per plot. The average of the firstflioveering days was
calculated in Microsoft Excel. The means of the flowering dates over weagsestimated using
best linear unbiased prediction with SAS PROC MIXED. Lines, environmdfeat,eand their

interaction were treated as random. The broad sense heritability (H) laslateal using the

Vg
+V(e;E+Vresidual

). Heritability=60.822/(60.822+ 102.57/3+

re

variance component methgd = ”

1.5848/3) = 63.66. QTL analysis used composite interval mapping method in Windows QTL
Cartographer V2.5 010 (Wang, Basten et al. 2011).
Seed of the RIL population are distributed by the U.S. Department of Agriculture-

Agricultural Research Service (USDA-ARS), Lubbock, TX (J. Burke).
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Results
DNA markers and map construction

A total of 203 SSRs initially were selected and scored, derived from sug&$adise
(prefix “CA” or “TC"), previously mapped RFLP probe sequences [“Xcup”(8s$l Mitchell et
al. 2002)], sorghum-sequenced genomic clones [“Xtxp” (Kong, Dong et al. 2000)], sorghum
EST sequences [“Xisep” (Ramu, Kassahun et al. 2009)], previously developed X§&s’ [*
(Brown, Hopkins et al. 1996)], unpublished SSRs from Agropolis-Cirad- Genoplante
(“mSbCIR”), and an unmapped scaffold in the genome sequence. Of those 203 markers, 135
segregating for 141 marker loci were mapped into 10 linkage groups corresponding to the 10
sorghum chromosomes. The remaining markers were excluded due to redundancy (i
cosegregation of multiple bands from the same primer) and weak and/or appdestaalrt
amplifications. Among the 141 loci mapped in the F5 RILs, there is an average of 9 (5.6%)
missing genotypes per locus, with 95% of the loci having less than 29 (18%) misstgpgs.
Among 95 loci mapped in the F2 population, there is an average of 25 (6.8%) missing genotypes
per locus, with 95% of the loci having less than 103 (27.8%) missing genotypes.

The genetic map of the recombinant inbred lines (RILs) derived from aBrhieblor
and perenniab. propinquum (Figure 2.1) contains 141 loci on 10 linkage groups collectively
spanning 773.1 cM. A total of 35 (24.8%) loci have dominant inheritance, with null alleles from

S propinguum at 14 loci and fron®. bicolor at 21 loci, which is not a significant difference (

°=1.4, 1 d.f, P=0.2367). The average interval between consecutive loci is 5.48 cM, ranging from
0.0 cM between cosegregating markers to 25.7 cM in the largest gap (on chromosome 5).
Construction of the map used a two-step strategy. First, to minimize ambigustyccby

distorted loci, we constructed a framework map by selecting a subseary slsored markers
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that also did not deviate significantly from the expected Mendelian ratio (IPE18P after
Bonferroni correction. To assign linkage groups to chromosomes, we anchored framewor
markers to physical locations by blasting against the sorghum genome sequeticen\W
assigned and placed additional markers to the framework at LOD score of >3.0ednlllycar
checked for double recombination events in the original scoring data.
Comparison of genetic map to physical positions

Comparison of the genetic map to physical positions of the mapped loci reveals the
relationship between genetic distances and physical distances and thel plstsilcation of
markers along the genome. Each marker on the genetic map was aligned tes{socoling
physical position by virtue of the publish8cbicolor genome sequence [Figure 2.1 (Paterson,
Bowers et al. 2009)]. The sorghum genome sequence information was given priokgringr
markers that were indistinguishable genetically. Overall, a total of 110 of 14&&nmar 10
linkage groups are well aligned to their physical positions. The marker ordergartagc map
occasionally deviates from that in the physical map. Distal markers on gdigkaup tend to
disagree more with the physical map than markers in the middle of a group, frgstdnesto a
lack of flanking markers at the ends of chromosomes. A small number of markerbestow
matches to sequences that are on different chromosomes from where they meallgene
Factors that may contribute to the discrepancies between the genetltyamadlpnaps include
multiple amplifications of paralogous loci; sequence assembly erroesypirc structural
differences betwee8 bicolor andS. propinquum.

The mapped SSR marker loci provide substantial coverage of the genetic map, with the
exception of chromosome 6 for which markers only cover the lower one third of the

chromosome (Figure 2.1). The unmapped region of this chromosome includes a large
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heterochromatic block (about 34 Mb) that containsStgopinquum Mal allele conferring
short-day flowering (Lin, Schertz et al. 1995). There is ample polymorphismdrethe

parental genotypes in this region and we mapped the region in the F2 population (Litz, &cher
al. 1995). However, the RIL population was advanced in a temperate latitude, acdlartifi
selection has largely eliminated photoperiodic flowering. This selectigethter with limited
recombination in this heterochromatic region, accounts for it being underpopulated with DN
markers in the RIL map.

Marker distribution is not even along the physical map: markers are conedntralistal
regions and sparse in central regions of the chromosomes. In an extrembrcasesame 8, a
recombinational distance of 4.7 cM spans a physical distance of approximately 46.3 Mb,
covering a remarkable 83.4% of the chromosome. This phenomenon is in accordance with our
previous observations (Lin, Schertz et al. 1995; Bowers, Arias 20@6, Paterson, Bowers et al.
2009) that the sorghum pericentromeric heterochromatin is recalcitrant tcoieation, with
the vast majority of recombination occurring in the distal euchromatin.

Segregation distortion

In the F5 RILs, all chromosomes except chromosome 7 contain regions with segregati
distortion significant at the 5% level (Table 2.1). A total of 14 apices (peak genagioas) of
distortion were found, on chromosome 1 near cM 35.8, chromosome 2 near cM 50.6,
chromosome 3 near cM 11.2, 35.0, 66.1, and 84.3; chromosome 4 near cM 77.2, chromosome 5
near cM 0.0 and 60.3; chromosome 6 near cM 0.0; chromosome 8 near cM 39.5; chromosome 9
near cM 26.5 and 37.7; and chromosome 10 near cM 88.7. All regions showed enrichi@ent for
bicolor alleles. Other than the chromosome 6 region under selection for day-neutralitpweri

the most striking case of segregation distortion was on chromosome 1—the apex of this
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distortion was near the locus Xcup24 with a segregation ratio of 154:3 (homo&/goeabor: S.
propinquum). This apex was genetically less than 1 cM from the most extremeotaskih the

F2 population from which these RILs are derived: the locus CSU507 on LG C (Bowers, Abbey
et al. 2003). In a larger set of F2 progeny previously described (Lin, Schalt4895), we

found similarly distorted segregation (203:15) in this region.

We compared the 14 regions of segregation distortion in the F5 RILs to the levels and
patterns of segregation found in the F2 population from which these RILs are derivagasdec
different DNA markers were used in the two studies, this was done by aligniRg #rel F5
genetic maps to their physical locations on3higicolor genome (Paterson, Bowers et al. 2009).
A total of 11 regions of segregation distortion were found in the F2 (Table 2.1). Four of the 11
regions of segregation distortion in the F2 population favore8. gor@pinquum alleles, among
which three are no longer distorted in the F5 RILs, and one region near the end of ch@@osom
contains overrepresentation®fbicolor alleles (!) in the F5 RILs. Those regions with
overrepresentation & bicolor alleles in the F2 generally also contain such overabundance in
the F5 RILs, albeit a few cases lack nearby DNA markers. However regibhs showing
normal segregation in the F2 showed overabundance 6&f tiheolor allele in the F5 RILSs.

Residual heterozygosity

We compared regions of excess/deficiency of residual heterozygosityft fRE.s and
the F2 population (Table 2.2). In the F2, 8 regions show excess and 2 show deficiency of
heterozygotes. All except two of these also show segregation distortion. In the RS)igher
homozygosity makes it difficult to distinguish heterozygote deficiendy statistical
significance but 28 regions show excess, 7 (25%) of which also show segregatiololidtort

the F2, the regions showing excess are all small (diagnosed by only 1 maehewever a
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large region of chr. 1 shows deficiency of heterozygotes. In the F5, there arer2dmngs
showing heterozygote excess in chromosome 4, 5, and 7 respectively.
Initial QTL mapping

To explore the merit of the RIL population for QTL mapping, we focused on flowering, a
trait associated with the tropical origin @fpropinquum that had a large confounding effect on
many traits in F2 QTL mapping. In the RIL population, near-homozygosity f& theolor
allele along the salient portion of chromosome 6 reveals that we have |dngahated
genotypes with short-day flowering alleles fr&propinquum. A total of three flowering QTL
met a LOD threshold of 2.61 based on 1000 permutation tests on chromosomes 4, 8, and 9
(Figure 2.1, Table 2.3). The chromosome 9 QTL found here closely overlaps one found in the F2
generation (Lin, Schertz et al. 1995), which also overlaps a QTL found in severalootjiems
populations (Feltus, Hart et al. 2006; Mace and Jordan 2011). The chromosome 8 QTL also
closely corresponds to one found in the BTx623 x 1S3620c cross (Brown, Klein et al. 2006), and
the S propinquum allele confers early flowering, accounting for the transgressantbgerved
in F2 and F5. The chromosome 4 QTL is newly discovered in this population, perhaps
“unmasked” as a result of removing short-day flowering but is in a region imilbwering
QTL have been reported previously (Mace and Jordan 2011). Indeed, it shows a “double peak”
that may indicate the actions of two nearby genes although we presently infarsomiye
likelihood interval with statistical confidence. Although a previously reporfeld 6
chromosome 2 (Lin, Schertz et al. 1995) did not reach statistical significamcéheze was

subthreshold evidence of it (LOD ~1) in the vicinity that it was previously mapped to.
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Discussion

TheS bicolor x S. propinquum RIL population offers advantages over early-generation
populations that promises to shed new light on the genetic, environmental, and
physiological/biochemical factors that regulate plant growth and develdprbramatic
variation in plant architecture, growth and development, reproduction and lifedsstbthe
parental species, together with homozygosity of the RILs and the abildgpltcate them across
a spectrum of natural and/or controlled conditions, makes this population of high potential
importance for the discovery and validation of QTLs.

Advancement of the RIL population in a temperate environment (Lubbock, TX) may
improve the ability to resolve QTLs for traits that were previously belowigingisance
threshold, also providing a more realistic assessment of variation thavantete temperate
latitudes. For example, near-homozygosity for$hiaicolor allele along the salient portion of
chromosome 6 reveals that we have largely eliminated genotypes witluaidiowering, a
trait associated with the tropical origin &fpropinquum that had a large confounding effect on
many traits in F2-based QTL mapping. Eliminating the profound morphophysiolajeation
associated with short-day flowering permitted us to identify two flowepihgs that eluded
detection in our previous study with 370 F2 plants (Lin, Schertz et al. 1995), one of which
accounted for the observation that a few segregants flowered earlier tteamlyhigowering
parent.

The advancement of the RIL population in an environment to whic8 theolor parent
was well adapted (indeed bred for), but $hpropinquum parent was not, may have had some
undesirable consequences as well. All segregation distortions in the F5 generatigdinvol

excesses db bicolor alleles, while the F2 generation showed similar numbers of caSes of
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bicolor andS. propinquum excess. This suggests that in addition to the intended removal of
short-day flowering, advancement of the population in temperate continental conaiéigpns
have caused some inadvertent selection against other tr&ifsropinquum, a native of
southeast Asia that inhabits streamsides and moist places (ANONYMOUS)
(zipcodezoo.com/Plants/S/Sorghum_ propinquum/#footref _2). While these biases f&voring
bicolor alleles may impact the ability to map QTLs in a few regions of the genome, the
population still exhibits a wide range of morpho-physiological variationg, inttividual lines
more comparable to one another by virtue of the near-abseMag of

Benefiting from several additional cycles of recombination beyond our prior F2
population, comparison of this genetic map to the sorghum physical map and sequends highlig
the striking bias in distribution of recombination across the sorghum genome. Thsod a
news-bad news scenario —relatively small amounts of physical DNA peraMacilitate
genomic analyses in the gene-rich portions of the genome, but large blocks diiredmmally
recalcitrant heterochromatin hinder access to other important genes.

Additional recombination that has accrued in the development of this RIL population
may have also improved our ability to resolve apices of heterozygote excessytacfor their
greater abundance in F5 than F2, and occurrence in multiple locations on all chrommosome
except the one (chr. 6) for which about two-thirds of the physical length has besddie to
selection against the propinquum short-day flowering allele. A remarkably high 28 apices of
heterozygote excess, together with rich genetic and genomic tools for theiss,spay make
this an attractive system in which to further dissect the biology underlyirnrgpetafic

heterozygote advantage.
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Table 2.1: Comparison of regions of segregation distortion bet®dsecolor (SB) xS

propinquum (SP) F5 RIL and F2 populations.

F5 F2
Chr.  marker cM SB:SP Location (Mb) marker SB:SP LG Location
1 Xcup24 35.8 154:3 13.9 pSB195 203:15 C 14.2
2 CA154181a 50.6 129:24 58.3 pSB101 34:74 B 61.6
2 none near pSB075 111:35 B 66.1
3 CA199661a 11.2 101:40 0.2 A

none near

3 CA074959at 35.0 100:23 3.5- 6.1 N.D. A
3 TC48056at 66.1 86:43 13.8-51.2 N.D. A
3 Xcup65 84.3 85:39 55.9 N.D. A
3 none near pSB443b 128:66 A 68.9
4 Xtxp265 77.2 117:37 64.9 none near F
4 N.D. pSB038 34:101 F 14.2
5 mSbCIR329 0.0 134:26 0.2 none near H
5 N.D. pSB064 33:81 H 6.5
5 Xisep1140 60.3 97:52 54.8 N.D. H
6 Xgap72 0.0 151:3 41.4 pSB095 104:60 D 50.7
6 none near pSB428a 93:41 D 38.0
6 none near pSB643a 65:20 D 4.3
7 N.D. pSB784 19:50 J 5.9
8 mSbCIR240 39.5 109:49 4.5 N.D. E
9 CA142735a 26.5 115:46 31.7 N.D. G
9 TC59518bt 37.7 105:55 50.2-54.5 N.D. G
10 Xcup43 88.7 123:26 59.8 pSB115 124:59 I 60.6

T Physical location not on the corresponding chromosome of the linkage group: apices ar

estimated by adjacent marker locations.

N.D. No distortion (not significantly different from 1:1 segregation)

45



Table 2.2: Comparison of regions showing over-/under-representations of residual

heterozygosity betwee® bicolor x S propinquum F5 RIL and F2 populations.

F5 F2

Chr  marker cM  H/(SB+SP) Location marker H/(SB+SP) LG Location

. (Mb) (Mb)

1 pSB102 193:123 C 3.7

1 CA226478a 5.4  21:140 1.8

1 TC71756at 97.7 24:135 47.7/50.2SHO68  106:244* C 46.8
73.4

2 Xcup67t 12.7 26:133 0.6-2.0

2 CA296025c¢ 18.2 26:130 2.4

2 mSbCIR223 37.4 26:131 4.7

2 Xcup63 51.6 25:136 59.1

2 pSB101 206:108 B 61.6

2 pSBO77 211:103 B 70.0

3 CA152937a 50.2 24:132 7.1

3 TC48056at 66.1 28:129 13.8-51.1

3 TC69429at 93.4 21:135 55.9-end

3 pSB443b  81:194* A 70.0

4 Xcup61t 12,5 36:120 1.5-5.1

4 Xisep0203 425 26:123 10.0

5 Xtxp065 135 23:131 1.9

5 pSB064 191:114 H 6.5

5 S14_284514 agl7t 52.1 41:116 13.5-42.0

5 CA100232a 55.6 31:130 54.2

6 pSB643a 178:85 D 4.3

6 pSB140  221:104 D 524

6 Xtxp057 26.4 22:134 5.7

6 pSB487 194:113 D 60.1

7 Xtxp040 0 28:129 0.9

7 pSB784 127:69 J 5.9

7 Xtxp278 32.7 26:129 51.1

7 mSbCIR300 45.6 24:137 5.8

7 Xisep0829 47.8 31:122 5.9

8 Xtxp047 29.6 31:126 3.0

8 CA166256a 51.2 23:137 5.3

8 Xtxp321 68.1 22:134 5.1

9 TC50663d 0 20:120 3.0

9 TC65153a 43.3 23:114 54.4

9 Xgap206 63.6 21:137 59.2

10 Xcup49 0 30:130 0.2

10 CA217392a 26.8 21:132 1.6

10 CA191677a 81.9 21:139 5.9
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TPhysical location not on the corresponding chromosome of the linkage group: apices ar
estimated by adjacent marker locations.

* Deficiency of heterozygotes (all other cases are heterozygotesgxces
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Table 2.3: Biometric parameters of QTLs for days to first flower irSthvecolor x S

propinquum RILS.

Chr. LOD a* R2 Start End (Mb)**  Population/study (if not herein)
(Mb)**
2 1 -1.2 0.028 60.5 77.9
2 467 -6.7 0.083 61.6 66.1 S. bicolor x S. propinquum F2 (Lin et al. 1995a)
4@) 3.0 -1.88 0.094 1.5 5.1
4(b) 35 -2.01 0.108 5.4 10.0
8 2.8 1.64 0.072 505 51.9
8 5.5 ** 0,134 50.5 55.5 S. bicolor BTx623 x 1S3620C (Brown et al. 2006)
9 4.2 -2.14 0.114 50.2 54.5
9 253 -105 0.042 8.1 57.0 S bicolor x S. propinquum F2 (Lin et al. 1995a)
9 7.7 - 0.195  *x* 59.1 S. bicolor BTx623 x 1S3620C (Feltus et al. 2006)

*Additive effect, calculated aS. bicolor BTx623 — other$ propinquumor 1S3620C as
appropriate). To match this system, values reported in (Lin et al. 1995a) wemieautiy -1.
**Based on flanking DNA marker locations in the published genome sequence (Paterson,

Bowers et al. 2009).
***Corresponding values not reported.

****0Only a single nearby marker could be definitively mapped to the genoomgesee, span of

interval uncertain.
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Figure 2.1: Genetic map of ti&ebicolor x S. propinquum RILs. For each linkage group, genetic
distances are shown on the right in Kosambi centimorgans; their correspondirmgiphysi
chromosomes (from the current genome assembly, as cited) are shown on theKkefts Mar
whose physical positions are unable to be located to their corresponding chromasomes
indicated by T; markers whose genetic orders disagree with their plp@stsons are indicated
by *. Bar and whisker plots on chromosomes 4, 8, and 9 indicate 1- and 2-LOD likelihood

intervals for flowering QTL described in the text, with tick marks indngatikelihood peaks.
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Figure 2.2: QTLs for days to first flower in tl&ebicolor x S. propinquum RILs. Upper plot
represents QTL likelihood (LOD scores) at the indicated cM locations on chronsodo8ieand
9. Lower plot indicates additive effect of an allele substitution at the indidstéakcations,
calculated based on flowering times associated @vitincolor minusS. propinquum alleles (so

positive value indicates earliness associated with the late-flon&rprgpinquum parent).
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CHAPTER 3
QUANTITATIVE TRAIT ANALYSIS OF VEGETATIVE BRANCHING OF

RECOMBINANT INBRED LINES FORSORGHUM BICOLOR x S, PROPINQUUM?

2 Wengian Kong, Huizhe Jin, Changsoo Kim, Valorie H. Goff, Tae-Ho Lee and Andrew H.

Paterson. To be submitted to Theoretical and Applied Genetics.
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Abstract

We describe a three-year study to identify quantitative trait loci (@dry)lant
vegetative branching in a recombinant inbred line (RIL) population of 161 genotypesiderive
from two morphologically distinct parentS,bicolor x S. propinquum. We introduce a
phenotypic evaluation system quantifying vegetative branching based on their ragigdiol
positions and physiological status. Different sets of QTLs for differentd@felegetative
branching were identified. QTLs discovered on chromosomes 1, 3, 7 and 8 affect multiple
vegetative variables, suggesting that these regions may contain ge¢mestia general
axillary meristem initiation. Other regions that only control one vegetatianching trait could
contain genes that control the divergent development of different levels of vegetatigRibg.
We conduct a regression analysis to investigate the relationship betweetivedainching
patterns and dry biomass, and conclude that mature tillers and immature (i.@raln-fl
secondary branches show consistent correlation with dry biomass. Among 10 braelcted)
genes from rice for which we found sorghum orthologs, two (20%) are in syntenic hidiciks
QTL likelihood intervals, suggesting that they may be candidates for caeisedres.
Unraveling genetic determinants for plant vegetative branching thahpogtant to food and
biofuel productivity may shed new light upon understanding the deterministic development of
plants, and designing optimized genotypes for sustainable food and cellulosic biomass
production.
Introduction

Plant architecture is determined by the sizes and shapes of plant organs, amsl gfatte
above-ground vegetative branching and underground growth by roots and rhizomes

(subterranean stems). Plant architecture decides the dispositions ofivegetans that capture
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light, and the synchrony of inflorescence and seed development that are impattastfbr

grain production. The temporal and spatial development of axillary buds is believedrgebe la
genetically controlled (Wang and Li 2006; Doust 2007). Therefore, plant architéetyuently
contributes to classification of different genotypes into taxa and genera. Otinéndnand,
environmental factors such as density, humidity, temperature and nutrition all@wv thos
vegetative organs to achieve a high level of plasticity, making the body plan ofeasprgies
variable.

Modifying plant architecture to better suit human uses is an inevitable procegs dur
plant domestication. In most of our major crops, the numbers of tillers and akiléarghes
were significantly reduced during domestication to favor genotypes thaeagydo harvest —
whether consciously or unconsciously. Grain crops such as sorghum, maize, andheillet (
Panicoideae subfamily) have strong apical dominance, while grain crops siuhaasd wheat
have multiple and synchronized tillers that bear inflorescences to improve sdadtjon
(Doust 2007). On the contrary, forage crops such as turf grasses, and many walchphaat
experienced selection for bushiness to produce abundant tillers and rhizomes for Iperennia
growth and herbivory resistance.

Plant vegetative branching is a developmentally important trait, which cdadsdied
based on different positions and magnitudes of maturity. Tillers, formed at agaiwnbdes of
plants, are important elements for sink capacity of grain crops. Mature piltetace
adventitious roots that specifically supply their development rather than obtautments from
the main stalk (Welker, Briske et al. 1987). Axillary branches are formée ileaf axils either
on the tillers or on previously formed axillary branches, contributing to a busiyeature. In

modern grain crops, development of axillary branches is usually suppressed underagenet
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hormonal control (McSteen 2009). However, maize is an exception with its ‘ears’abdiagy
branches. Bushy architecture resulting from outgrowth of axillary reergstnay also be means
for increasing cellulosic biomass production, a hypothesis that we will igassti

The physiological status of vegetative branching is also of importancex&mple,
plants indigenous to tropical areas, when move to temperate areas, may predeiceiging-
tillers and branches. Limited by the climate in temperate areas,tithersemay be either
fruitless for grain production of annuals or futile or even harmful resource ekyesdior
biomass production of perennials that require a balance between single-seasomadiriifeve
time production.

Unraveling the genetic determinants of plant architecture mayesatebevelopment of
optimized genotypes for human uses. For example, continued effort to enhance argpelgrai
may focus on developing optimized plant architecture rather than simply redueingmber of
tillers and axillary branches (Jiao, Wang et al. 2010). Genes responsildiesbry “architecture”
may be of practical importance for some plants suitable for biomass produatbrass
sugarcane and Miscanthus. Identifying genes and discovering genkti@psiresponsible for
axillary meristem initiation and outgrowth has been a fertile field in tomatwo{CKeizer et al.
1994), rice (Komatsu, Maekawa et al. 2003; Li, Qian et al. 2003; Takeda, Suwa et al. 2003),
Arabidopsis (Sorefan, Booker et al. 2003), maize (Doebley, Stec et al. 1997; GalEhanitet
al. 2004), pea, petunia (Simons, Napoli et al. 2007) and barley (Dabbert, Okagaki et al. 2009;
Dabbert, Okagaki et al. 2010). There is also growing insight into hormonal regulation of
vegetative branching (McSteen 2009) : auxin and cytokinin have long been known to affect
vegetative branching (Leyser 2003; Leyser 2006; Shani, Yanai et al. 2006; Kyozuka 2007), and

the newly discovered hormone, strigolactone, has increased knowledge of mdtestules
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influence vegetative branching (Gomez-Roldan, Fermas et al. 2008; Umehara, étaadada
2008; Waldie, Hayward et al. 2010). A recent study of gene-gene and genotype bgraawir
interactions (Whipple, Kebrom et al. 2011) has also broadened our knowledge of vegetative
branching.

Sorghum uses C4 photosynthetic metabolism that is more water efficient ankit tfsoug
be better adapted to the tropical areas than plants such as rice and wheaBat use
photosynthesis. The relatively small genome size (~730 M8&)rghum bicolor among C4
plants has made it a botanical model and a reasonable complement to rice as a C3 model
(Paterson, Bowers et al. 2009). Sorghum has rich morphological diversity frorallya
occurring variation, divergent artificial selection regimes, and nové&tiar following
formation of polyploidSorghum halepense, making it an excellent plant to study plant
architecture. To date, quantitative studies of plant architecture in sorghenéav limited to
discovering quantitative loci (QTL) responsible for the numberlefgi(Lin, Schertz et al. 1995;
Paterson, Schertz et al. 1995; Hart, Schertz et al. 2001; Murray, Rooney et al. 2008, Murra
Sharma et al. 2008; Shiringani, Frisch et al. 2010). We are aware of no researchumsamg
little in other species, that has focused on identifying QTLs that influenesaiffvegetative
branching patterns either in sorghum or other species (Doust, Devos et al. 2004; Doust and
Kellogg 2006).

We report a quantitative trait study to discover genomic regions that undddremtif
vegetative branching traits based on morphological positions and physiolodicgaliistsorghum.
A cross betweeBorghum bicolor andSorghum propinguum (Paterson, Bowers et al. 2009), and
their progenies has proved to offer rich information for a wide range of (Ghtkenden,

Schertz et al. 1994; Lin, Schertz et al. 1995; Paterson, Schertz et al. 1995; BowerstAdbbey
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2003; Hu, Tao et al. 2003; Feltus, Hart et al. 2006). The genetic map of a recombinant inbred
line (RIL) population derived from a previous F2 population by single-seed descent has
demonstrated its power in an example of detecting flowering QTL (Kongt din2013) and
will facilitate quantitative trait loci (QTL) mapping for vegetativaubching in this study. Since
the RIL population was advanced in a temperate area, eliminating a shoxwanrfy gene
from S propinquum has reduced factors that would otherwise confound development of many
traits, and may reveal more QTLs more salient to growth and productivity petata regions.
Dissecting the morphological and physiological distribution of vegetativebrag patterns
permits us to distinguish genomic regions that have general control of vegbtatieging, from
those conferring specific levels or patterns of branching. Better unadirsighe genetic
determinants of different branching patterns and their relationships wiliggamshed new
light on a variety of applications ranging from plant growth control to breediranfoptimized
genotype in different environments.
Materials and Methods
Plant materials

A total of 161 recombinant inbred lines (RIL) derived from a previously described F2
population (Paterson, Schertz et al. 1995) of two morphologically different pasenmgis,im
bicolor BTx623 and its wild relativeSorghum propinguum (unamed accession) were planted at
the University of Georgia Plant Science Farm, Watkinsville, GA, USA, in 2009, 2012044d
Single 1.5-m plots of each RIL were transplanted (on May 20th, 2009 and MagQtA.) or

directly seeded (May 28 2010) in a complete randomized design.
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Genetic map

A total of 161 RILs were assayed with 141 SSR markers based on 1:1 segregation rati
The linkage map constructed using MAPMAKER (Lander, Green et al. 1987) collective
spanned 773.1 cM on 10 linkage groups. The average interval between consecutive loci is 5.48
cM, ranging from 0.0 cM between cosegregating markers to 25.7 cM in tlestlgap on
chromosome 5. The genetic map was aligned to the physical map by blastingn&kids
sequence to th& bicolor genome sequences to discern the relationship between genetic and
physical distances, and the overall distribution of recombination events alartydh@some
(Kong, Jin et al. 2013).
Phenotype analysis

Our phenotyping system for vegetative branching integrates the morphologaiabhs
and physiological status of each branch; i.e., for each plant, we quantify therrimpbmary,
secondary and tertiary branches based on their morphological locations; and theafumber
mature floral, immature floral, and vegetative branches based on their phisabktatus.
Primary branches emanate from basal nodes, while secondary branchasednan primaries,
and tertiary branches emanate from secondaries. Higher-order branches, guateanary,
occurred rarely and were recorded as tertiaries. The total of 9 typemohbs, mature primary
(M1), mature secondary (M2), mature tertiary (M3), immature primary (/Minature
secondary (IM2), immature tertiary (IM3), vegetative primary (V1jyetative secondary (V2),
and vegetative tertiary (V3), were recorded for two representative plantsach plot in each
year (2009, 2010, 2011). Plants were measured at physiological maturity of ot pnenary

branches.
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Data exploration

To better classify the nine branching measurements and prepare datadiivesfTL
mapping, we used the following trait combnations. We classify the morphologictbpssif
the branches of each plant based on the number of tillers (TL), which is the sumay/prim
branches from the basal nodes, and the number of axillary branches (AX), whelsust of
secondary and tertiary branches. To distinguish the physiological matue&ch branch, we
measured the numbers of mature (MA), immature (IM), and vegetative brgh€hes o
investigate the genetic potential for forming axillary branches, weel@wwo more
measurements, the secondary ratio (SR) and the tertiary ratio (TR).H&Rasid of the number
of secondary branches per node (determined by the product of primaries by the numldespf
counting nodes on the most mature tiller and assuming that the number of nodes wastonsist
on each tiller). TR is the ratio of the number of tertiary branches per segdmdach, since the
number of nodes on secondary branches was not recorded. Trait means and standartsdeviati
were calculated with the SAS program.

We analyzed the impact of genotype (G), environment (E) and genotype by environment
interaction (GXE) using analysis of variance with the type Ill sums @frequDifferent years
(from 2009 to 2011) were treated as different environments. Lines, environments, and thei

interactions were considered random factors. Variance components were wdedlabecthe

broad-sense heritability = V;/(V; + V‘?E + V”;";““‘), in which E is the number of

environments and R is the number of replications. Best linear unbiased prediction) \2lLE3
were calculated among three years for each branching trait for Qpjhimga The statistical

analysis used SAS PROC MIXED.
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QTL analysis

Single marker analysis and composite interval mapping (CIM) were pedarsnag
Win QTL Cartographer V2.5 _010 (Wang, Basten et al. 2011). CIM analysis useditierdta
model (model 6) with a walking speed of 1 cM and 10 cM window size. Significanchdltes
(0.05 experiment-wise) were calculated by 1000 permutation tests.

QTL nomenclature used a system that was described in rice (McCouch, Cho et al. 1997),
starting with a ‘q’, followed by an abbreviation of each trait (TL, AX, MA, W&, SR, TR),
then the chromosome number, and then a decimal number to differentiate multiplerQhkes
same chromosome.
Biomass analysis

To investigate the relationship between vegetative branching pattern and dagbiove
conducted a regression study from the 2010 and 2011 data (biomass data was not collected in
2009). Two biomass variables, stem weight (SWT) and leaf weight (LWT), and twegjeta
branching variables described above were used for regression. A two-stepaergnetbod was
performed since the nine branching variables showed high correlation co¢sfidibe first
regression was conducted using variables that only confer the positions of vedwetatiching,
i.e. TL, SecR, which is the number of secondary branches per primary branches, and TR, since
these three variables are not highly correlated with each other. Varibbteare significant at
the level of 0.01 are eligible to enter further regression based on the physidctafigsl For
example, if TL is the only significant variable in the first regressionswlivide TL into
mature primaries (M1), immature primaries (IM1), and vegetative pies1év'1) for another

regression study to identify significant components for dry biomass. The second round of
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regression analysis used a significance level of 0.05. All statistiablsas used the SAS
program.
Toward identification of sorghum genes controlling vegetative branching

A total of ten rice genes (Table 3.5) are known that affect either axillangterar
initiation or outgrowth (Komatsu, Maekawa et al. 2003; Li, Qian et al. 2003; Takedacbalva
2003; Zou, Chen et al. 2005; Arite, lwata et al. 2007; Mao, Ding et al. 2007; Itoh, Hibara et a
2008; Arite, Umehara et al. 2009; Lin, Wang et al. 2009). We used the “Locus Sear¢ighfunc
in the Plant Genome Duplication Database (Lee, Tang et al. 2013) to ident#fgpmrding
sorghum genes and investigate their proximity to QTLs for vegetativelnan
Results
Phenotypic distribution of traits

The means and ranges of the seven branching variables of one of the parents, BTx623,
and the RILs are shown in Table 3.1. The other paptppinquum, is native to tropical or
subtropical regions. Growing in a temperate region in this experi®gmngpinquum just starts
to flower when the temperature reaches the freezing point. Therefore, itstwegletanching
patterns were considered not representative and were not used in this analysis.

Two variables indicating the positions of vegetative branches, TL and AX, raetated
with each other (r=0.5432, P<0.0001). Variables indicating the maturity of branche8yIMA,
and VG are also significantly correlated with each othge(r=0.6302, {a.vc=0.2480,
nvve=0.4759, P<0.0001). RIL means for both positions and maturities (TL, AX, MA, IM and
VG) are larger than BTx623 (parental) means. Variables SR and TR arearslmfgbotential of

a plant to form secondary or tertiary branches. Unlike the high positive comddatween AB
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and TL, SR and TL are negatively correlated (r=-0.2831, P<0.001), and TR and TL are not
significantly correlated (r=0.04378, P=0.26).

It is not surprising that the effect of genotype, environment and genotype by envitonme
interactions are statistically significant (at 0.05) for most tramsesvegetative branching is
thought to be among the most plastic of traits (Sultan 2000) (Table 3.2). An excefti®n is
variable MA, where both genotype and environment effects are not significantrgée la
residual of this trait might be due to variation in the numbers of mature secondarstiangl te
branches, which are highly inconsistent among years. Heritability waidety among different
branching traits, implying different levels of plasticity.

QTLs controlling morphological distribution of vegetative branching

A total of four QTLs controlling tillering (on chromosomes 1, 7 (2), and 8) and four
QTLs controlling axillary branches (on chromosomes 1 (2), 3, and 8) arecagniéifter 1000
permutation tests (Figure 3.1 and Table 3.3), accounting for 31.96% and 53.60% of phenotypic
variation, respectively. For all QTLs detect&dpropinguum alleles increase the number of
tillers and axillary branches. We are surprised to find that none of these 6CBls in the same
genomic regions, in spite of the morphological similarities of tillers arlthgxbranches.
However, single-marker analysis suggests some overlapping genoroitsregitrolling both
traits on chromosomes 1, 2, 4 and 8. Two ‘putative’ QTLs for tillering (i.e., thdt t€aD 2 but
not the higher level indicated by permutation tests) are found on chromosomes 4 and 6. One
QTL on chromosome 4 exhibits a positive additive effect for increasingngl&om theS
bicolor allele, differing from other QTLs.

Tillering QTLs detected here on chromosomes 1 and 7 overlap with tillering fQiihd

in a previous F2 population (Paterson, Schertz et al. 1995), and with QTLs found in other
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sorghum populations (Hart, Schertz et al. 2001; Shiringani, Frisch et al. 2010; Macedamd Jor
2011), as revealed using the Comparative Quantitative Trait Locus Datab&sedc¢harinae
Grasses (Zhang, Guo et al. 2013). The QTL discovered on chromosome 6 falls in the same
genomic region with one found in a sweet sorghum study (Shiringani, Frisch et al. 20108 and t
QTL detected on chromosome 8 is closely related to one found in a BTx623 x IS3620C
population (Hart, Schertz et al. 2001). Tillering QTLs on chromosomes 1 and 7 fall into high
QTL density regions for many other agronomical traits in sorghum (lsla¢€ordan 2011).
QTLs controlling physiological maturity of vegetative branching

It is commonly known that not all vegetative branches mature in synchrony. Breede
usually select genotypes with synchronized mature heads to increaseaseguifgtuction of
annuals, while selecting genotypes with immature and vegetative d¢itleranches for perennial
or biomass plants. We believe that physiological maturity is gengtaaiitrolled. For example,
most modern grain crops are subject to senescence, and all tillers analgsdeatl and ready
for mechanical harvesting after they become mature. Perennial plantsiatly somewhat
indeterminate, continually producing moderate numbers of vegetative branahesy also
flower throughout their growing season. Our system permits detection of QTLsllogtthe
numbers of tillers and branches at different physiological status when thayhmnches reach
maturity, i.e. we differentiate the number of mature, immature, and vegetativedsdhrtgure
3.1 and Table 3.3). Only one QTL was discovered for the number of mature branches,
accounting for 12.07% of phenotypic variance. A total of three and four QTLs for the noimber
immature and vegetative branches accounted for 39.48% and 23.82% of phenotypic variance,
respectively. For all QTLSS propinquum increased the number of branches. We detected two

more ‘putative’ QTLs controlling IM on chromosomes 4 and 5, and two controlling VG on
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chromosome 1. The putative QTLs on chromosomes 1 and 4 overlap with TL and AX QTLs and
show similar additive effects. This further validates the reliabilithef@TLs, albeit not
reaching the thresholds of permutation tests.

One overlapping QTL region was found at the interval Xtxp237- Xcup27 on chromosome
8 controlling both MA and IM. Another overlapping interval was on chromosome 3 controlling
IM and VG. QTLs found on chromosomes 1, 3, 8 controlling the maturity of vegetative
branching also overlap with QTLs underlying tillers and axillary branchegaitnaly that
overlapping sets of genes and biochemical pathways may control axidaigtem initiation
related to different levels of vegetative branching.
QTLs controlling the potential for forming axillary branches

Not every node undergoes axillary meristem initiation and outgrowth. Most nodes on the
tillers may remain dormant until certain genetic or environmental factggetrgrowth at
specific developmental stages. For grain crops, secondary and tertiatydsrane usually
arrested during early developmental stages. In addition, plants maydekfferently when
they encounter environmental changes such as shading and grazing. We found géatedit var
in potential for forming secondary and tertiary branches (SR and TR) by QTLngappree
QTLs for SR and three QTLs for TR were identified, explaining 21.08% and 32.26% of
phenotypic variance (Figure 3.1 and Table 3.3). Both parents provide alleles for mgthase
two traits.
Biomass components rel ated to vegetative branching

A drought tolerant crop, sorghum is an excellent plant for biofuel production without
competing for cultivated land for food production. Biomass yield is one of the mostamiport

traits in improving sorghum into a biomass-dedicated plant. To investigate efféceésching

65



on biomass production and identify important components for dry biomass, we performed a
regression study using the different branching variables as indicatablesriwith leaf biomass
and stalk biomass as response variables (Table 3.4). For stalk biomass, iteatiaad
immature secondary branches are consistently significant in models. Hauphleass, mature
tillers are significant in both years, while subdividing this variable int§ eond of regression
yields different sets of significant component variables. This might be due tygeyt
environmental interaction or sampling error.

Based on their contributions to stalk biomass, we conducted further QTL analysis for
numbers of M1 and IM2. Two QTLs for M1 and three QTLs for IM2 are significaat.&D
score of 2.5, accounting for 11.32% and 25.15% of phenotypic variance (Table 3.3). For all
QTLs found,S propinguum alleles increase the number of branches. QTLs on chromosomes 2
and 7 control both traits, indicating that overlapping sets of genes may controlntbesasts.
| dentification of candidate genesinrice

We examined synteny blocks of a total of 10 genes controlling axillary erarist
initiation and outgrowth in rice and identified their colinearity in sorghum (Table 3ry) trse
Plant Genome Duplication Database (Lee, Tang et al. 2013). The discovered sgegiesm
were searched for their relationships with QTL for vegetative branchind bagbeir physical
positions. All listed rice genes excdyyOC1, had corresponding sorghum genes. Two sorghum
genes that are related to rice geri@s,IL1 (Mao, Ding et al. 2007) and14 (Arite, Umehara et
al. 2009), are within QTL intervals on chromosomes 4 (qiM4.1) and 1 (qAX1.2 and qVGL1.2),
respectively (Table 3.5). BotbsTIL1 andD14 control axillary meristem outgrowth in rice, and
D14 also corresponds to a QTL controlling higher-order branches (qAX1.2), indidagindpose

corresponding sorghum genes may have the same function.
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Discussion

The recombinant inbred line (RIL) population derived from two divergent parents in this
study,S. bicolor andS. propinquum, provides new insights into the genetic control of vegetative
branching in sorghum. Replication over multiple environments and little heterozygbBitlys
facilitates the analysis of genotype by environment interactions angipreand validation of
QTLs. Advanced in a temperate region (Lubbock, TX), the RIL population improves the abili
to discover QTLs relative to a previously-studied F2 population from the same [{Raptson,
Schertz et al. 1995), by eliminating confounding factors that are correlatedhert-day
flowering fromS propinquum. This principle was exemplified by identifying two flowering
QTLs (Kong, Jin et al. 2013) that eluded detection in the F2 population (Lin, Schertz et al. 1995).
Compared with the previous study (Paterson, Schertz et al. 1995), we validated taostyevi
discovered tillering QTLs and detected two new ones that are validataddpendent studies
(Hart, Schertz et al. 2001; Shiringani, Frisch et al. 2010). However, eliminad¢irsiport-day
alleles fromS. propinquum leads to inadvertent selection towaglbicolor alleles. For example,
it is unlikely to detect the tillering QTL on chromosome 6 near the short-olagriing locus that
was found in the F2 population (Paterson, Schertz et al. 1995). Segregation distortion due to the
selection against short-day flowering might be beneficial to the dwetgmwer of QTLs (Xu
2008), but the position and effect of QTL might be affected (Zhang, Wang et al. 2010).

We introduce a phenotyping system to dissect the genetic control of differeistdé
vegetative branching and demonstrate its efficiency to detect QTLsclotra#t in this study. A
genomic region on chromosome 3 shows some evidence of QTLs overlapping many traits
including TR, AX, IM and VG. Another “hotspot” is located in the interval Xtxp273 pR#7

on chromosome 8, controlling four vegetative branching traits (QAX8.1, gMA8.1, qiM8.1 and
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gSR8.1). Genomic regions on chromosomes 1 and 7 also controlled at least 5 vegetative
branching traits. The QTL regions controlling many branching traits suppioexpectation that
different levels of branching may share some common genetic control faryarileristem
initiation. This could be either due to pleotropic effects of single genes in titdiekgenomic
regions, or could suggest high concentrations of different genes in particular chr@hosom
regions. Another reason for some genomic regions to contain multiple vegetative lydratsn
could be inter-relationships between traits. For example, since secondarytianglieainches
are mostly immature or vegetative, it may be possible to find a common QTL thaicailitof
these traits. However, there is also clear evidence that some traitss siliehirag and high-
order branching, have degrees of distinct genetic control by showing diféetsrdaf QTLs. The
additive effect shown by each QTL suggests that alleles increasing wegbtanhching are
mostly coming from Spropinquum, and only rarely fron®. bicolor.

Vegetative branching is a highly plastic trait, with the effects of gpeognvironment
and their interactions generally all significant. Large environmentatibations and genotype
by environment interactions may also lead to different sets of QTLS, foredhiffeegetative
branching traits might differ in plasticity from each other, demonstratélddayheritability. For
example, the number of tillers might be more consistent among different engirtsntinan
higher-order branches, since the latter trait is more likely to respond to ahp@nginronments.
QTLs for certain vegetative branching trait might be significant whilerstremain under the
threshold level mainly due to the environment. To determine whether the eff€It ®fare
caused by different genes or environment requires multi-environment testing risompa

other populations, and ideally positional cloning genes and testing of gene functions.
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A drought-tolerant plant, sorghum is a promising candidate for biomass-@edicat
feedstock to be grown in marginal land without competing for land for food (Rooney,
Blumenthal et al. 2007). Vegetative branching is an important comparantfeasing biomass.
This study provides guidance for improving vegetative architecture of bsedeascated crops.

That vegetative branching pattern is differently related to stalk biomddsaf biomass
respectively, suggests separate genetic controls for these two biamgement traits.
Although the result is variable, mature tillers and immature secondary bsareheonsistently
correlated to both dry stalk and leaf biomass, implying that efforts to incresssettvo traits
may improve biomass production.

Identification syntenic relationships of rice genes controlling ayillaeristem initiation
along the sorghum genome may facilitate discovery of corresponding sorgheswithin the
QTL interval. With the help of the Plant Genome Duplication Database, all tercieghened rice
genes excelOC1 were related to colinear corresponding sorghum genes. Two sorghum genes,
related to ricédsTIL1 andD14, locate within QTL intervals found in this study. Further
association and functional analyses may validate theses two candidatampte&sidate their
functions. The rest of the candidate genes do not correspond to sorghum branching QTLs. One
gene related to ric®@17 on chromosome 6 may not detect QTL correspondence due to selection
against another allele (short-day flowering) in the region. Further, treegahpositions of three
sorghum genes, in the syntenic blocks WifiX, OsHB3, andD10 are located at the distal region
of their respective chromosomes, slightly beyond the range of this gergticinowever we see
no evidence of QTLs in these regions based on the nearby markers that are mapped.

QTLs for vegetative branching revealed in this study may be valuable in seagsafor

different sorghum improvement programs. Breeders dedicated to grain sorglegmndpraay
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utilize this QTL information to further increase the degree of apical dom@and suppress the
growth of axillary meristems. On the other hand, breeding for biofuel fe&édsdad possibly
perennial crops might increase productivity by introducing alleles 8qgopinquum or other
sources and balancing resources at different developmental stages.

The high degree of common genetic control of many traits across Poacesesgra
suggests that identification of specific genes related to elements of glitteure may have
value in diverse contexts, for example, in improvement of a wide range of grame fbiomass,
and turfgrasses. QTLs identified in this population may also contribute to magrdawn the
genomic regions containing underlying genes, and eventually facilitate tiierpdscloning of
genes for vegetative branching in sorghum.
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Table 3.1: Trait values for recombinant inbred lines (RILs) and BTx623 in thaee. ye

Trait 2009 2010 2011
BTx623 RILs BTx623 RILs BTx623 RILs
Mean Mean Mean Mean
(SD) (SD) Range (SD) Mean (SD) Range (SD) Mean (SD) Range
2.25 14.41 5.13 16.80 4.50

TL (0.95) (8.74) 1-45 (2.22) (10.96) 2-61 (1.27) 7.80 (5.06) 1-33
2.85 19.48 5.38 36.32 5.90 25.65

AX (1.27) (15.69) 1-121 (1.73) (31.67) 0-185 (2.60) (27.26) 0-171
1.75 4.06 1.56 1.80

MA (0.54) (3.07) 1-16 (0.86) 6.53 (5.44) 1-35 (0.63) 5.52 (4.29) 1-29
2.55 19.06 7.25 6.20 23.49

IM (1.61) (14.94) 0-119 (2.74)  38.11(31.49) 0-194 (3.22) (23.95) 0-157
0.80 10.77 1.69 2.40

VG (0.35) (7.50) 0-42 (1.46) 8.49 (8.12) 0-55 (2.22) 4.44 (4.65) 0-29
0.12 0.087 0.0067- 0.10 0.067

SR (0.06) (0.056) 0.35 (0.06) 0.11(0.064) 0-0.38 (0.02) 0.18 (0.11) 0-0.64
0.07 0.61 0.31 0.52

TR (0.12) (0.63) 0-4.4 (0.19) 0.72 (0.53) 0-3 (0.44) 0.77(0.79) 0-4.63
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Table 3.2: Trait heritability and variance components based on genotype, year, and dgnotype

year interaction percentage.

Traits Rep (Year) Genotype Year (%) GenotypexYear Residual Heritability

(%0) (%0) (%) (%)
TL - NS 19.5 *** 33.8 *** 13.3 %% 33.5 66.0
AX -NS 16.0 *** 6.6 * 19.4 *** 58.0 49.8
MA - NS 4.3 NS 1.6 NS 27.8 *** 66.3 17.3
M -NS 13.2 *** 13.3 *** 16.2 *** 57.3 47.0
VG 5.6 *** 22.6 *** 14.6 15.9 *** 41.3 64.9
SR - NS 1.2% 24.0 *** 19.9 *** 49.0 32.7
TR 1.1* 34.7 *** -NS 18.5 *** 45.7 71.6

NS: not significant.

* Significant at 0.05 level.

** Significant at 0.01 level.
*** Significant at 0.001 level.

Rep (Year): replication effect was nested within years.
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Table 3.3: QTLs affect vegetative branching in $bicolor andS. propinquum RILS.

QTL
Trait name Chr Positon LOD Additve R? Start (Mb)® End (Mb)
TL qTLll 1 51.8 6.8 -1.49 0.121 28.1 60.8
TL qTL7.1 7 16.9 3.3 -0.95 0.070 0.9 8.4
TL qTL7.2 7 32.7 2.8 -0.79 0.045 8.4 58.2
TL qTL8.1 8 53.2 4.8 -1.02 0.083 4.9 51.5
TL t° qTL4l 4 62.0 2.3 0.71 0.036 58.8 64.6
TLt qTL6.1 6 55.4 2.4 -0.75 0.043 60.8 62.1
AX gAX1.1 1 40.3 6.0 -8.89 0.300 28.2 57.5
AX gAX1.2 1 68.9 2.5 -2.00 0.059 64.0 70.0
AX gAX3.1 3 50.2 6.4 -2.89 0.123 6.2 7.8
AX gAX8.1 8 0.0 3.0 -1.74 0.054 0.2 2.97
SR gSR3.1 3 66.1 45 -0.0045  0.098 13.8 51.2
SR qSR7.1 7 24.3 3.0 0.0035 0.060 0.9 37.7
SR gSR8.1 8 7.5 2.5 -0.0032  0.052 0.2 3.0
TR qTR3.1 3 50.2 12.0 -0.16 0.216 6.2 7.8
TR qTR5.1 5 51.7 2.8 0.087 0.056 4.8 42.0
TR qTR9.1 9 29.5 2.7 -0.077 0.050 4.2 54.5
MA gVvA8.1 8 1.0 5.2 -0.12 0.121 0.2 3.0
IM gM11 1 40.3 3.7 -6.43 0.222 28.2 57.5
IM gM3.1 3 50.2 5.4 -2.22 0.100 6.2 7.8
IM gMs8.1 8 0.0 4.1 -1.75 0.073 0.2 3.0
IM + qM4.1 4 56.5 2.2 1.32 0.041 51.2 58.8
IM t gM5.1 5 245 2.0 -1.94 0.078 0.2 4.5
VG qvG2.1 2 50.6 33 -0.87 0.058 4.7 63.2
VG qvG3.1 3 50.2 3.3 -0.72 0.060 6.2 7.8
VG qvG7.1 7 34.7 3.2 -0.68 0.063 8.4 58.3
VG qvGs.1 8 52.2 5.2 -0.85 0.096 45 51.5
VG T qvGlL1l 1 48.8 25 -0.80 0.051 28.2 60.8
VG t qvG1.2 1 67.9 2.4 -0.66 0.050 64.0 66.9
M1 2 56.9 2.6 -0.11 0.06 59.1 63.2
M1 7 41.4 2.5 -0.082 0.053 51.1 58.6
IM2 1 68.9 4.4 -0.68 0.095 64.0 70.0
IM2 2 55.9 3.4 -0.06 0.065 59.1 63.2
IM2 7 41.4 4.7 -0.60 0.092 51.1 58.3

@ Based on DNA marker locations flanking 1- LOD interval in the published genomenseque

(Paterson, Bowers et al. 2009).
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P+: Significant at a LOD score of 2.0
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Table 3.4: Vegetative branching variables related to stalk and leaf biomass.

First regression® Second regressiof
Response Indicator variables Mod Indicator variables
variables el R?
TL SecR TR M1 IM1 Vi M2 IM2 V2
Stalk <0.0001 0.0012 0.5359 0.17 0.006** 0.0322 0.1836 0.5533 <0.0001 0.2487
Welght *% *% * *%
2010
Leaf weight <0.0001 0.0254 0.2294 0.2 0.0951 0.02690.0276 - - -
2010 *% * *
Stalk <0.0001 0.0002 0.0179 0.3 <0.0001 0.5647 0.0792 <0.0001 0.0191* 0.0721
Weight *k *k *k
2011
Leaf weight <0.0001 0.0008 0.0165 0.36 <0.0001 0.1318 0.0026 <0.0001 0.0235* 0.0023*
2011 ** ** ** *%*

&Significant level of the first regression is 0.01

® Significant level of the second regression is 0.05

79



Table 3.5: Genomic positions of candidate sorghum genes that correspond to chedacteri

genes controlling axillary meristem initiation and outgrowth.

Gene Name Rice ID Sorghum ID Start End RIL QTL
Genes controlling axillary meristem initiation
MOC1 0Os06g0610300 NO synteny -
LAX PANICLE 0s01g0831000 Sbh03g03882®6624442 66623744 No
OsHB3 0s12g0612700 Sb08g021350 52952953 52946784 No

Sb01g013710 12771371 12776651 No
Genes controlling axillary meristem outgrowth
OsTILI/OsNAC2 0s04g0460600 Sb04g023990 53666487 53667837 qiM4.1
Sb06g019010 48600551 48601868 No

D3 0Os0690154200 Sb10g003790 3276753 3278855 No
D17/HTD1 0Os049g0550600 Sbh069g02456G3677260 53679729 No
D10 0Os01g0746400 Sb03g034400 62611870 62608453 No
OsTB1 Os03g0706500 SB01g010690 9507199 9506057 No
D27 0Os11g0587000 Sb059g022855 55156777 55161632 No
D14 0Os0390203200 Sb01g043630 66780322 667791@8X1.2, qVG1l.2
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Figure 3.1: QTL mapping of vegetative branching.bicolor x S. propinquum RILs. QTLs are
shown with 1-lod (solid or dotted) and 2-lod (whiskers) intervals. Solid boxes indicated that the
QTL is also significant after 1000 times of permutation test. Dotted boxes aa@vpuQTLs
significant only at a LOD score of 2. Markers whose physical locationsatde to be located

to their corresponding chromosomes are in red; markers whose geneticdisdgree with their

physical locations are in green as detailed elsewhere (Kong, Jin et al. 2013).
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CHAPTER 4
GENETIC ANALYSIS OF RHIZOMATOUSNESS AND ITS COMPARISONO
VEGETATIVE BRANCHING OF RECOMBINANT INBRED LINES FORSORGHUM

BICOLOR x S PROPINQUUM?

% Wengian Kong, Huizhe Jin, Changsoo Kim, Valorie H. Goff, Dong Zhang, Andrew H.

Paterson. To be submitted to Heredity.

83



Abstract

We report a quantitative study to discover the genetic determinants of rhozsmess,
an important trait related to perenniality and invasiveness. A recombinant imar¢gIL)
population of 161 individuals derived from two morphologically distinct par&ntscolor x S
propinquum, segregates for rhizomatousness. We report a total of 11 genomic regions and four
consensus regions for rhizomatousness that showed correspondence with previausly dete
QTL in an F2 population, and with different levels of vegetative branching patterrmglifio
to identifying the regions for presence of rhizomatousness, we also reporf@Ths number
of rhizomes and the distances of rhizome-derived shoots from the crown that thésogreis
rhizomatousness is a plastic trait that is greatly influenced by environcoasensus regions
that overlap with those discovered in the F2 population provide validation of the position and
effect of QTLs. Correspondence with regions influencing vegetative branghitegns indicate
that some controlling genes and biochemical pathways may be shared by beaxctiesomes
during early developmental stages, while genes controlling only ohentrgiicontrol divergent
development of these analogous organs. Manipulation of genes conferring rhizomatmesnes
provide opportunities for plant growth regulation that will benefit diverse applisat
increasing rhizomatousness may promote the productivity and perennialitypignasses,
especially the biomass-dedicated crops; decreasing rhizomatousnasspnmase grain
production and control many noxious weeds.
Introduction

Rhizomes, subterranean stems that grow diageotropically (perpendiculafdaéef
gravity), develop from axillary buds on the basal portion of seedling shoots (Gyzikmel et

al. 1985). Rhizomes are highly associated with overwintering and regrowth ynp@ig@mnial
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grasses. Perennial and annual plants often have striking differences in geeofwdapting to
environment: many annuals utilize seed dispersal, while many perennialspdsvendant
underground networks to enable vegetative reproduction. The general association of perennial
plants with wild species and annual plants with cultivated crops suggest that perabitie
ancestral to annual habit. Identification of genes underlying rhizonmassisind related the
biochemical pathways will contribute to understanding the features of peremngaid their
evolutionary story.

Rhizomes are an important component of persistence and spread of many noxious weeds,
such as johnsongrasSo(ghum halepense L. Pers.), bermudagrasSyfodon dactylon L. Pers.),
purple nutsedgeQyperus rotundus) and others. Both johnsongrass and bermudagrass were
introduced into the US as promising forage crops. However, their invasiveness radkestion
of these weeds in cultivated land quite costly, or improbable; for example, tleareeistly no
means to control johnsongrass in the sorghum field.

On the contrary, the aggressive nature of rhizomatousness can also becomaa blessi
Rhizomes are a valuable asset in many forage crops and turf grasses, ppieabing
landscapes and supporting animal grazing. Not only do these crops have economic value, but
they also contribute ecosystem services such as preventing soil erosion thrarayhphex
underground network of roots and rhizomes. Recently, breeding for dedicated chemical
feedstock for biofuel production has been a priority to meet increasing demamefgy caused
by population increase and limited fossil fuel resources. The fascinatimghgmode of the
invasive species is extremely attractive in providing stable production otdekadas marginal

land with little input. Further, a degree of rhizomatousness in modern grain crops may per
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breeding for perenniality, toward production systems which may help preveatesidn and
improve sustainable grain production (Cox, Bender et al. 2002).

Rhizomes and tillers are developmentally related, both initiated at the loadsbf a
plant. Botanically, rhizomes are modified stems (indeed, some primitive plantshieoraes
but not stems so it may be more accurate that stems are modified rhizomesingraf the
same genes are expressed in each of these tissues (Jang, Kamps et al. 2006)dAdre
formed, immediate orientation differentiation of tillers and rhizomes caysagbsition
gradient determines their different fates. Above-ground tillers produceasfiences and seeds,
and are subject to senescence, while rhizomes can store and allocate natrperenhial
growth under poor conditions even at the expense of seeds in temperate latitudasnéaci
overwintering and rapid growth early in the next season.

Previous studies have discovered quantitative trait loci (QTL) conferring
rhizomatousness in sorghum (Paterson, Schertz et al. 1995), rice (Hu, Tao et aln@008iza
(Westerbergh and Doebley 2004). While the maize chromosomes have diffedemtaatety
from those of sorghum and rice due to maize lineage-specific genome duplication, QTL
conferring rhizomatousness still correspond to those of sorghum and/or rice in aésw ca
(Westerbergh and Doebley 2004).

Despite their morphological similarity, little research has been fdomuseomparing
genomic regions for rhizomes and vegetative branching. Moreover, as a traitaingely
influenced by the environment, rhizomes are best evaluated in multiple conditiorsvetipw
prior studies were conducted in F2 populations, limiting the evaluation of this trait toranly
environment. Further investigation of genomic regions for rhizomatousness is neeoleiitto c

previously discovered QTLs.

86



As a botanical model for C4 grasses, the g&oughum provides numerous resources to
study rhizomatousness (Paterson, Schertz et al. 1995; Jang, Kaath2086; Jang, Kamps et al.
2008) and its comparison to vegetative branching. Morphological diversity occduriimg
divergent evolution of sorghum relatives both in the wild and under domestication makes it
possible for us to create segregating populations, and map genetic determinants of both
rhizomatousness and branching. The published ~740 Mb genome sequence (Paterson et al. 2009a)
is a valuable resource toward discovering gene functions, biochemical pathwilagsmparative
genetic studies for rhizomatousness and vegetative branching.

In this study, we investigate genomic regions conferring rhizomatousness in a
recombinant inbred line (RIL) population derived by single seed descent from augigvi
described F2 population (Paterson, Schertz et al. 1995). The cross b&thiesior andS,
propinquum is the widest euploid cross that can be made by conventional methods with the
cultigen, and their progenies have provided rich genetic information to study aawgeaf
traits (Chittenden, Schertz et al. 1994; Lin, Schertz et al. 1995; Paterson, Schlkeri2@5;
Bowers, Abbey et al. 2003; Hu, Tao et al. 2003; Feltus, Hart et al. 2006; Kong, Jin et al. 2013).
Evaluation of phenotypic traits such as vegetative branching and rhizomatousnhass tinghly
plastic is advantageous in RIL populations, that can be tested in multiple environments.
Discovery of genomic regions responsible for rhizomatousness in this populati@eaffieans
to validate the positions and effects of QTLs in the F2 population and facilitate ceomsari
between rhizomatousness and vegetative branching. Genomic regions discovetbgfrom
interspecific RIL population will lay a solid foundation for positional cloning of aagsenes,
which may either generally control both vegetative branching and rhizomatousnesgrar c

unique patterns of development and metabolism that differentiate these cdgaticétion of
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genes that are important to rhizomatousness may benefit a wide varipplichons, ranging
from regulating plant growth to breeding for perenniality.
Materials and Methods
Plant materials

A total of 161 recombinant inbred lines (RIL) derived from a previously described F2
population (Paterson, Schertz et al. 1995) of two morphologically different pasenmis,im
bicolor BTx623 and its wild relatives. propinquum (unamed accession) were planted at the
University of Georgia Plant Science Farm, Watkinsville, GA, USA, in 2009, 2010 and 2011.
Single 1.5-m plots of each RIL were transplanted (on May 20th, 2009 and MagQtA.) or
directly seeded (May 28 2010) in a completely randomized design.
Phenotypic evaluation

Our system for measuring rhizomatousness was similar to that used in the F2gopulat
of the same cross (Paterson, Schertz et al. 1995). The number of rhizome-derivedRdhoots (
was counted for two representative plants in each plot in a 3-year expe20@®t 2010, 2011).
Cases in which we were unable to distinguish rhizome-derived shoots from croweddgroots
were scored “intermediate”. In addition, we measured the distances fropri@zeme-derived
shoot found to the center of the crown that it grew from (RD, rhizome distance€gstaey
verifying the source crown by digging.
Data analysis

Several data analysis approaches were utilized and compared. Firstated tr
phenotypic data as qualitative and classified plants into three categatieghizomes (Y); no
rhizomes (N); and intermediate (). Fisher's exact test applied to a camtintgble was used to

investigate the relationship between rhizome phenotype and each DNA nmenkgme.
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Statistically significant markers were identified at the level of 0.05c@Welucted hypothesis
tests for a total of 141 markers. The p-value of 0.05 has a 5% false positive ratmgriiay 7
of 141 markers will be false positive if all markers are independent. To sekastringent false
positive level, we accepted a false discovery rate (FDR) of 0.2 to esthegteoportion of
rejected null hypotheses that were falsely rejected (Benjamini and Hgcti#5). To calculate
the effect of each significant genomic interval, we chose the most sighifieaker in the
interval. For each of the two genotyp&skfcolor, S propinquum) at a marker locus, we
calculated the ratio of rhizomatousness by summing the number of rhizomatous inglipldsal
one half the number of intermediate individuals, then dividing by the total number of indévidual
Allele effects were calculated as the difference betwee8. thieolor andS. propinquum ratios,
divided by two.

We compared the genomic regions for rhizomatousness in the RILs with the previous
QTL mapping results from the F2 population (Paterson, Schertz et al. 1995), and wistiwege
branching data (Chapter 3), aided by the published sorghum genome sequence (Patgesen, B
et al. 2009) and the Comparative Saccharinae Genome Resource-QTL database3uhang
al. 2013).
QTL mapping

We conducted QTL mapping for the number of rhizomes (RN) using nonparametric
interval mapping with the R/qtl package (Broman, Wu et al. 2003), separatelyddratateach
of the three years. We assigned intermediate phenotypes with a value of 0. mutapien test
was performed to define the LOD threshold. Significant QTLs detected wecgeseand fitted

into multiple-QTL models (Arends, Prins et al. 2010).

89



In addition to rhizome expression, we also measured the ‘rhizome distances’ (RD), i.e
from every rhizome-derived shoot to the center of the crown that it grew fromvétaga of
RD for each plant in a plot was used in the analysis. We normalized the data byhakogy t
(n+1) value of each phenotype. The transformed data were fitted into a twoeuakett (Broman
2003), since many individuals with no rhizome expression or intermediate rhizomesexpres
have average rhizome distances of zero. QTLs for rhizomatousness identifiedriodblscan
provide a better understanding of their effect (Broman and Sen 2009).

QTL nomenclature used a system that was described in rice (McCouch, Cho et al. 1997),
starting with a ‘q’, followed by an abbreviation of each trait (RZ, RN,RD)) the chromosome
number, and finally by a number to differentiate multiple QTLs on a chromosome.

Results

We will discuss three different analyses about rhizomatousness in successiparing
the genomic regions identified with those found in a previously described F2 population
(Paterson, Schertz et al. 1995), and with vegetative branching patterns.

Genomic regions conferring rhizomatousness

We first conduct an analysis to discover genomic regions that are stéljisigsociated
with presence or absence of rhizomatousness (RZ), using a Fisher’s exaithtassignificance
level of 0.05 for each marker. We inferred a genomic region or single markerigmifieantly
associated with rhizomatousness if it met two criteria: 1) a signifisaotation when using a
stringent threshold (Benjamini and Hochberg Step-up Method); 2) adjacent maekers a
significant at the threshold of 0.05. A total of 11 genomic regions associated with
rhizomatousness are detected in three different years and four regioossaséeatly significant

in at least two environments (Table 4.1, Figure £2)ropinquum alleles increase the degree of
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rhizomatousness for all except two regions (QRZ4.1 and qRZ4.2) on chromosome 4 in 2011.
This method is easy to implement, and the significant genomic regions can bd ladaie
genome with the aid of the genetic map (Kong, Jin et al. 2013), providing useful infornoation f
further comparative study.

The number of rhizomes and the degree of their growth are substantially influsnce
environmental factors. In a previous study, the three detected QTLs for 1) of the
number of rhizomes that produced above-ground shoots) only explained 21.8% of phenotypic
variation (Paterson, Schertz et al. 1995). In the present experiment, envirormmensran
essential factor influencing rhizomatousness, shown by the different rhizpmes&ons in
different years (Figure 4.1) and the resulting different sets of genegianis controlling
rhizomatousness (Table 4.1). However, the reoccurrence of genomic regidnadoratousness
in multiple environments validates some previously reported QTLs for rhizomatewsres
facilitates the comparison of their relationships with vegetative branching.

QTL mapping of rhizome number and distances

The second method for evaluating rhizomatousness is to conduct QTL mapping for the
number of rhizomes (RN). A total of 5 different QTLs for RN are discovered in yiesgs, and
S propinguum contributes all alleles increasing rhizomatousness (Table 4.2 and Figure 4.2).
QTLs detected can only account for relatively small amounts of phenotypane@yi24.44% in
2009, 16.08% in 2010, and 15.03% in 2011, respectively. This is in accordance with our
previous study that QTLs detected only explained 21.8% of phenotypic variance (Paterson,
Schertz et al. 1995). Four out of five QTLs (QRN1.1, gRN1.2, gRN7.1, gRN8.1) discovered in

this method overlap the consensus genomic regions for rhizomatousness in the first method.
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Providing more details about the QTL peak and better estimates of QTL, #feentethod used
for QTL mapping here is more informative than the Fisher’'s exact test.

The third analysis is to evaluate rhizome distances (RD), which can be fitteddepart
model (Broman 2003). This essentially involves initial analysis of binary dasefpre versus
absence of rhizomes), and then subsequent re-analysis of the subset of individhalsethat
rhizomes. These two procedures can be combined into a two-part model. Thus, the QTLs
identified in Table 4.3 have three LOD values. The LOD value, lod.p.mu, indicates the abmbine
effect of both presence/absence and distances of rhizome-derived shoots. ThdueDbdp.
indicates the presence/absence of rhizomes, expected and found to be similan {batblat4.2,
except for the QTL on chromosome 1 in 2011. This position on chromosome 1 might be
confounded by large segregation distortion near the centromeric region on this chromosome
After we refine this QTL using multiple QTL methods, its position shifts andnigas with that
in Table 4.2 (data not shown). The LOD value lod. mu indicates significant QTL fonréiz
distances, with only two found. The first one is on chromosome 1, at the irG&020231-
Xcup06, affecting both occurrence of rhizome derived shoots and their average distances fr
the crown. However, significant evidence is only found in one year (2009). Another @ttsaff
only rhizome distances, located at the inteX@lp73-Xcup22 on chromosome 1 in 2011. The
two-part model has a higher significance threshold than conventional interval mapping and
lowers the power of QTL detection. Another drawback of this study is that the ssirgotd
plants with rhizomes is quite small to detect QTL using traditional intemagbping.
Rhizomatousness vs. vegetative branching

In this study, a total of 7 regions for RZ overlap with vegetative branching ofestiffe

levels (Table 4.1). Three regions, on chromosomes 1, 4, and 7, overlap with tillering QJ.Ls (T
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Since tillers and rhizomes both develop from axillary buds at basal nodes, this corresponde
supports our hypothesis that tillers (stems) and rhizomes may be influencedlapmag sets
of genes and share some biochemical pathways during early developmensalGtiage
rhizomatousness regions show correspondence either with a QTL influencing the atimber
axillary branches (AX) or with the potential for producing secondary oretiranches (SR
and TR), exemplified by gRZ3.1 and gRZ8.1. Both rhizomes and axillary branches grow
basipetally, suggesting that this genomic region might be important in conttblirggientation
of the outgrowth of axillary buds.
Comparison to prior studies

Comparing the results from this study with an F2 population from the same cross
(Paterson, Schertz et al. 1995) provide additional evidence toward QTL validation4{Tlabiel
Figure 4.2). All three QTLs conferring LAR (Log (n+1) of the number ofaimes producing
rhizomes) in the F2 correspond to two significant genomic regions (qRZ1.1, gRZ1.2)oand tw
QTL for RN (qRN1.1 and gRN1.2) on chromosome 1 in the present study. The QTLs, qRZ1.2
and gRN1.2on chromosome 1 overlap with two previous LAR QTLs that also overlap with two
QTLs for underground rhizomatousness (LSR) in the F2. One of these overlapping QTL for
LAR, at the intervapSB300a-pSB088 in the F2, accounts for the largest phenotypic variation
found (Paterson, Schertz et al. 1995; Washburn, Murray et al. 2013), and a more recent study
addresses the same regions containing QTLs for rhizome-derived shoots, oviexyvarter
rhizome distances (Washburn, Murray et al. 2013). The facts that both regions (QRZ1.1 and
gRZ1.2) are significant under a more stringent statistical threshold in thys ahdithe

corresponding QTLs previously discovered explain a large portion of phenotypitovaria
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increase the probability to discover genes responsible for rhizomatousness iwthesgions
on chromosome 1.

We identified two consensus genomic regions that confer above-ground rhizomatousness
in the RILs but were not found in the F2 population, perhaps due to multi-year phenotypic
evaluation of the RILs. The consensus genomic regions (Table 4.1, gRZ7.1) and the QNIL for R
(QRN7.1) on chromosome 7 were not previously associated with rhizomatousness but overlap
with another previously detected trait, regrowth (RG). The prior study showedraarrelation
between rhizomatousness and regrowth, and it is very likely that these QEL_simply not
evident in the single-year prior study based on single-plant measurements.

The previous study detected eight QTLs conferring LSR, four of which can be re-
identified by RZ in one or more years in the present study (Table 4.1). Thepooeace of
these genomic regions substantiates the previous findings, and supports prior evidence of inte
relationship between the rhizomatousness traits. This is particulalfotrthe relationship
between LAR and LSR, since the expression of LAR relies on the expres&iSR of
Discussion

The RIL population derived from the annual par@riicolor and the perennial pareft
propinquum, offers excellent opportunities to study rhizomatousness, a trait highlyaissioc
with perenniality. As rhizomatousness is largely influenced by environmemxplered three
different methodologies to evaluate the genetic determinants of presenceaedale
rhizomatousness. Multi-year testing and re-identification of rhizomatousakdate the
positions and effect of previously detected QTLs for rhizomatousness, and the corsgiosiss
discovered may accelerate the identification of genes and charaataradtiochemical

pathways for rhizomatousness. Comparison of rhizomatousness and vegetative branching i
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unprecedented to our knowledge, providing a solid basis for further understanding both the
general and differential genetic control of these two traits.

The reproducible nature of the RIL population enables evaluation of rhizomatousness in
multiple environments, and thus permits identification of consensus regions tha¢dgpsiadw
statistically-significant evidence, validating the genomic regionscested with this
environmentally-sensitive trait and improving the quality of comparative mgpimi this study,
we substantiate our previous result by re-identifying two genomic regionsldogtabove-
ground rhizome shoots on chromosome 1, and showing their correspondence with QTL
conferring the same trait in the F2 generation (Paterson, Schertz et al. TI#9Q)TL, gRZ1.2,
on chromosome 1 in this study has found concordance to not only LAR and LSR QTL in our
previous study, but also in other studies. A recent study has also identified two nevwioQTL
overwintering that overlap with previously detected rhizome QTL in this regionjrand f
mapping significantly narrowed the area for rhizomatousness to 14.5Mb (Washburry &turra
al. 2013). Moreover, comparative study of rhizomatousness between sorghum and rice has
revealed correspondence of QTLs in several genomic regions (Hu, Tao et alRM@PR).rice
is associated with LAR and LSR QTLs detected in sorghum (Paterson, S¢lartiz985), and
is also related to gRZ1.2. This non-random occurrence of rhizomatousness on chromosome 1
(gRZ1.2 in Table 4.1) tested both within and between species suggests that genesmgontroll
rhizomatousness and regrowth will be very likely to be identified in this region.

The discovery that seven regions conferring rhizomatousness correspond with lgranchin
QTLs, supports the intriguing hypothesis that above-ground vegetative branching and below-
ground rhizome growth are related to each other. Rhizomes and stems are devealbpment

related, with many of the same genes expressed in each of these(fiaage&amps et al. 2006).
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QTLS for rhizomatousness also correspond with those for higher-orders of vedatatioieing.
This correspondence could be related to genes controlling initiation ofl&takuds, or to
orientation of axillary buds, as exemplified by the cases on chromosomes 3 ane 8hwhe
rhizomatousness region overlaps with a QTL specific to axillary bratchesot tillers.
However, the buds of tillers and rhizomes exhibit a clear positional gradient andainder
divergent development. Tillers re-allocate most resources to inflorescandere subject to
senescence, while rhizomes store carbohydrates and balance their notrideerivintering and
perennial growth. The QTL, qRZ1.1, chromosome 1 (Table 4.1) exemplifies genoroitsregi
conferring only rhizomatousness, not vegetative branching. The genomic regiorfgettibetie
may be a fundamental basis for further studying tissue-specific garasth vegetative
branching and rhizomatousness.

Dissecting the genetic components that are important in biochemical patnays
regulatory signals for rhizomatousness may facilitate a wide rdraggbcations. Breeding for
perenniality has been recently called for to meet new challenges such asimgcoemand for
cellulosic biofuel grown on low input land, adapting to changing environmental conditidns a
preserving ecological capital (especially mitigating soil erosiBalter understanding
rhizomatousness may enhance the productivity and perenniality of many dgoasges and
many biofuel-dedicated plants. On the other hand, understanding the regulation of
rhizomatousness may also make it possible to identify plant growth regulatqusettiaely
target weed control, i.e. to address weeds such as johnsongrass in crops to which they are
closely-related, such as sorghum. An ongoing goal is to further inveshgagenetics of
rhizomatousness in other sorghum populations with more extensive rhizome expression, and in

climates in which they overwinter so that regrowth can be measured. Increaswigdge and
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invigorating efforts in discovering rhizome-specific genes and their furectioll shed new light
upon understanding the formation of rhizomes, developing genetic tools and profilesl that w
useful for either enhancing or suppressing rhizomes.
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Table 4.1: Genomic regions conferring rhizomatousness in 2009, 2010 and 2011.

Year
Genetic Physical Effect Overlap

Name Interval location positiorf 2009 b 2010 Effect 2011 Effect branching QTL Overlap F2
gRZ1.1  Xcup27-Xcup08 (1) 0-28.1 1.8 7.9 ok -0.18 ¥ -0.15 LAR, LSR
gRZ1.2 Xcup22-Xcup44 (1) 45.8-70.4 28.2 66.9 hd 1-D. * -0.11 o -0.10 TL, AX, VG LAR, LSR, RD

CA187839a-
gRZz3.1 CA152937a (3) 40-50.2 3.5 7.2 * -0.10 AX, TR, IMG

CA157669a-
gRZ3.2 TC48056a (3) 63-66.1 11.9 51.2 * -0.09 SR

CA146183a-
gRZ3.3 CA187645a (3) 75.1-84.3 523 55.6 * -0.11

CA077825-
gRz4.1 Xisep0203 (4) 30.2-42.5 5.1 10.0 o 0.02 LSR, RG
gRZ4.2 Xcup71-Xtxp265 (4) 62-77.2 58.0 64.9 * 0.0 TL
gRZ5.1 CA196148b (5) 74.6 - - i -0.07

Xcup33-Xisep0829
gRZ7.1 @) 24.3-47.8 8.6 59.4 i -0.09 o -0.11 TL, SREG RG
gRZ8.1 Xtxp273-Xcup27 (8) 0-7.5 0 3.0 e -0.11 *» 041 AX, SR, MA, IM
CA142735a-Xgap32

gRZ9.1 (9) 26.5-441  31.7 55.1 o -0.06 TR LSR

@Based on flanking DNA marker locations in the published genome sequence (Patersas, @l 2009)

b Effect are calculated & bicol or, BTx623
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Table 4.2: Genomic regions conferring number of rhizomes in 2009, 2010 and 2011.

Year QTL QTL name LOD Interval Position Additivefedf % Phenotypic variance explained StartEnd
2009 Full model 9.43 24.44
1 gRN1.1 5.46 CA090231b-Xcup06 19 -0.35 13.3 29 4 7.
7 gRN7.1 2.51 CA148166b-Xcup70 30 -0.14 2.85 0.9 457
8 gRN8.1 2.15 Xtxp273-Xtxp047 7.5 -0.18 4.4 0.2 3.0
2010 Full model 6.05 16.08
1 gRN1.1 3.07 CA090231b-Xcup06 21 -0.19 3.56 29 4 7.
3 gRN3.1 2.48 TC58701b-TC69429 80 -0.21 4.63 7.8 d En
8 gRN8.1 2.53 Xtxp273-Xtxp047 1 -0.19 4.47 0.2 3.0
2011 Full model 4.99 15.03
1 gRN1.2 3.20 TC59518b-CA078376a 55 -0.15 8.29 2 2860.8
7 gRN7.1 2.53 CA193820b-CA141383b 46 -0.11 6.50 8.568.2

& Additive effect, calculated & bicolor BTx623

b Based on flanking DNA marker locations in the published genome sequence (Patersas eBaw€009)
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Table 4.3: Genomic regions conferring rhizome distances.

Year Chr Interval Position Effect lod.p.mu? lod.p° lod.mu® Start* End
2009 1 CA090231b-Xcup06 20 0.35 6.1 3.6 2.4 2.9 7.3
7 CA148166b-Xcup70 30 0.15 3.2 3.2 0.1 0.9 57.4
8 Xtxp273-Xtxp047 6 0.18 2.7 1.2 15 0.1 3.0
2010 1 CA090231b-Xcup06 21 0.19 3.1 29 0.2 2.9 7.3
3 TC58701b-TC69429 80 0.20 2.6 2.1 0.7 7.8 end
8 Xtxp273-Xtxp047 0 0.19 2.7 2.3 0.4 0.1 3.0
2011 1 Xcup73- Xcup22 39 0.17 3.9 0.1 3.8 15.2 61.6
7 CA193820b-CA141383b 46 0.10 3.4 3.3 0.1 8.4 59.0

& Lod.p.mu reflects both the occurrence of rhizomatousness, and their distances

P Lod.p: reflects the occurrence of rhizomatousness

¢ Lod.mu: reflects the distances of rhizomes from the source crown

4 Based on flanking DNA marker locations in the published genome sequence (Patersos eBaiv&009)
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Figure 4.1: Presence of rhizomes in three years.
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Figure 4.2: Mapping of rhizomatousness QTLs inShacolor x S. propinquum RILs (left), and
comparison to vegetative branching (left) and a previous F2 population (right). @ltlsoavn
with 1-lod (solid or dotted) and 2-lod (whiskers) intervals. Significant genomic refgions
rhizomatousness (RZ) are only shown with solid boxes. For vegetative branchings@lid_s,
boxes indicated that the QTL is significant after 1000 permutation tests, ardlloites are
‘putative’ QTLs only significant at a LOD score of 2. Markers whose physcatibns are
unable to be located to their corresponding chromosomes are in red; markers whitse gene

orders disagree with their physical locations are in green.
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CHAPTER 5
CONCLUSION

Plant architecture is the three dimensional organization of a plant body, detersnined b
the sizes and shapes of plant organs, and patterns of above-ground vegetative branching and
underground growth by roots and rhizomes (subterranean stems). Plant arehitecides the
dispositions of vegetative organs that capture light, and the synchrony of inflmescel seed
development that are important factors for grain production. Sorghum is an eixcelldel in
which to study plant architecture, thanks to its rich morphological diversityraeg during
divergent evolution both in the wild and under domestication for a variety of purposes (food,
forage, sugar, biomass, and special uses such as ‘broomcorn’). Abundant genetiudtools
resources (Paterson, Bowers et al. 2009) have made it possible to identify thecgegamns or
genes that underlie variations in plant architecture, which will shed new light waoiety of
applications ranging from plant growth regulation to breeding for peretyniali

The RIL population derived from two morphologically distinct pareftbicolor andS.
propinquum, displays large phenotypic variations and offers new opportunities for discovering
genes, biochemical pathways and plant growth regulation. Advanced in a tenglierate
(Lubbock, TX), the RIL population improves the ability to discover QTLs by elinmgat
confounding factors that are correlated with short-day flowering 8gmopinquum. The
homozygous nature of the RIL population enables evaluation in multiple environments, and thus

makes the analysis of genotype and environmental effects of a trait feasilthkeeaesults of
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QTL mapping more reliable. This is particularly important for relativplgstic’ traits such as
the components of plant architecture that we have investigated here.

Our phenotypic system for vegetative branching is novel to our knowledge,
distinguishing genomic regions that have a general influence on all vegetatichibgafrom
those with distinct control of specific levels of branching. Our study showed large
correspondence of branching QTLs with previously reported QTLs controlliegng|
Specifically, we validated two previously discovered tillering QTL4€Ran, Schertz et al.
1995) and detected two that had not been previously found in an F2 population with the same
parentage as ours, but which can be related to QTLs reported in other publicationSdliatz
et al. 2001; Shiringani, Frisch et al. 2010). Other QTLs for vegetative branchisgttdressed
here are new and important in determining the final architecture of a plant. Génesa QTL
regions can be further identified to design an ideal genotype for different huegan us

A total of five genomic regions underlying rhizomatousness show correspondémce w
either the same trait, above-ground shoots derived from rhizomes, or other rbizonetdted
traits, reported in a previous study. Since rhizomatousness is greatly ieflugnenvironment,
the repetition of findings in multiple environments is important for QTL validatiarthEr,
genomic regions influencing rhizomatousness also overlap with different lewadgethtive
branching QTLSs, suggesting that these two traits might share overlaptaraf genes at early
developmental stages.

Identifying genomic regions influencing vegetative branching and rhizusagss
facilitates a wide range of applications. The QTL information can be Iglitesgd for marker-
assisted selection in sorghum breeding programs. Isolating genes f@tivegaranching and

rhizomatousness can benefit plant growth regulation: up-regulation of both branching and
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rhizomatousness may enhance the productivity and perenniality of many dochbemass
dedicated crops for food and biofuel, while down-regulation may improve grain production and
control many noxious weeds. Increasing knowledge of genetic determinantstarplatecture

that are crucial to food and biofuel productivity may shed new light upon developing new
genotypes optimized for sustainable food and cellulosic biomass production.
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