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Chapter 1

General Introduction



Sorghum (Sorghum bicolor L. Moench), is an annual or short-term perennial
plant with culms reaching up to about 4 m or more in height
(http://www.fao.org/ag/agp/agpc/doc/gbase/data/pf000319.htm). It belongs to the grass
family (Poaceae) which includes rice, wheat and corn, and is believed to have
originated from Africa, particularly in Ethiopia and surrounding countries (Reddy et al.,
2006; Paterson et al., 2009). Just like rice, sorghum usually matures in about 4 months
or less. However, compared to rice and corn (C3 and moderate C4, respectively),
sorghum is an extreme C4 grass and is much more efficient in terms of photosynthesis
and water use efficiency, making it highly adaptable to semi-arid or arid environments

(Xin et al., 2008, 2009; Blomstedt et al., 2012).

The above-mentioned characteristics of sorghum speak of its great potential as a
crop. In these times when the world’s available resources and food supplies are hardly
enough for the ever-growing human population, it should be wise to utilize sorghum
and further breed it to produce varieties that can provide for existing global demands
Aside from food, feed and fiber, one of such demands is the production of biofuels to
address the worsening problem of global warming and climate change that could
threaten the existence of mankind in the long run. In view of this scenario, a special
cultivar of sorghum has caught the interest of ecologists— sweet sorghum (Grooms,
2008; Kim and Day, 2011; Wortmann and Regassa, 2011; Yu ef al., 2012; van der

Weijde et al., 2013)

Sweet sorghum has long been known in the U.S. since the 1850s. For a long
time, it was cultivated mainly for the production of syrup or sugar (Hunter and
Anderson, 1997). This is because sweet sorghum accumulates 10-25% sugar in the

culm juice near the time of grain maturity, with glucose and fructose as the predominant
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reducing sugars and sucrose as the predominant disaccharide (Ritter ez al., 2007). This
special characteristic of sweet sorghum makes it suitable for biorefineries for the
production of bioethanol and other materials (Yu et al., 2012). Although sugarcane and
corn starch have long been used to produce bioethanol in large scale, their biggest
drawback is that they compete with food supplies, dramatically affecting the prices of
related commodities (Salas Fernandez et al., 2009). In the case of sweet sorghum, such
dilemma hardly applies since sorghum can be grown even in limiting environments not
usually devoted to the cultivation of food crops, and that bioethanol can be produced

from almost all of its parts— cellulosic biomass, grains, or culm juice.

Despite the good attributes of sweet sorghum, there remain some aspects that
need to be improved to make it more suitable for bioethanol production. For example, it
should be important to develop lines with higher sugar content. Also, since other parts
of sweet sorghum can be processed into bioethanol, improvements to grain yield, plant
height and tillering should be welcome developments. In terms of grain production,
sweet sorghums generally have lower grain yields compared to modern grain sorghums.
And as for plant height, sweet sorghums are also generally taller (Ritter et al., 2007),
which make them prone to lodging in times of strong winds and typhoons. Such
scenario makes it hard to harvest the crop even with the use of machines, not to mention
the possibility of untimely fermentation of sugars and spoilage of starch, which
negatively influence the amount and quality of grains or bioethanol that can be
produced. In view of these circumstances, the development of semi-dwarf lines of sweet
sorghum (ideally with thicker culms) should be one of the attractive solutions. However,
as considerable amount of biomass is inevitably lost to semi-dwarfism, such plants

ideally must have additional traits such as higher tillering, sweeter culms, or earlier



maturity. Having these traits would also make them suitable parentals for hybrid

breeding to produce robust F lines with excellent qualities.

Many sweet sorghum varieties of today have been derived from lines developed
through conventional breeding carried out by public breeding programs during the early
to mid-1900s in the U.S. (Ritter, ef al., 2007). However, such process proved to be slow
and tedious as several generations are required to produce stable plants. Now, with the
advent of newer techniques, several options have become available for crop breeders to
improve sorghum in a significantly shorter span of time. One of these is gamma ray
mutagenesis (see Chapter 2). This method can produce an array of mutants by inducing
random physical breaks (single or double strand) or deletions in DNA strands (Henner
et al., 1982; Ordonio et al., 2014). By selecting mutants based on desired parameters,
candidate plants can be isolated for use in basic science (e.g. isolation of novel genes
and functional analysis) or for breeding by DNA marker-assisted selection (MAS),

using the existing sorghum genome sequence as a reference tool.

Sorghum (Btx-623 variety) is the first Saccharinae and C4 grass to be fully
sequenced by the shotgun sequencing technique (Paterson ef al., 2009; Sasaki and
Antonio, 2009). Prior to this, the main criteria for its selection as a model was its ease of
sequencing owing to its smaller genome (2n=20; ~730 Mb) relative to other C4 plants
like maize (2.6 Gb) (Paterson et al., 2009), Miscanthus species (4.4- 6.8 Gb) (Karlen,
2014), and sugarcane (10 Gb) (Le Cunff et al., 2008). Recently, because of the demands
of the times due to global warming, sorghum was hailed as a Flagship Plant of the Joint
Genome Institute (JGI) of the U.S. Department of Energy (DOE) for its potential as a
major biofuel crop and cellulosic feedstock, eventually leading to the improvement of

existing sorghum genomic resources, particularly the entire gene space of the current
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draft version of the sorghum genome sequence

(http://www.phytozome.net/sorghum_er.php).

The precise genome sequence of sorghum is without doubt, a valuable tool for
sorghum research as it serves as a repository for the wealth of genetic information about
sorghum genes. As genes are always associated with a particular phenotype, it should be
important to demonstrate their biological functions in conjunction with forward or
reverse genetics as in the case of rice and Arabidopsis where numerous mutants had
been instrumental in identifying novel genes and their corresponding functions (see

Chapter 3, Introduction).

To date, only a limited number of sorghum mutants with known causal genes are
reported in the literature (see Chapter 3, Introduction), and this reflects the poor
availability of established mutant libraries. Also, any existing libraries solely dealt with
grain sorghums (Xin ef al., 2008). This manuscript, thus, attempts to put priority on
sweet sorghum genetic research. Particularly, I focused on two objectives: (1)
construction of a mutant library of sweet sorghum containing mutants of various
phenotypes ranging from mild to severe; and (2) elucidation of the causal genes of some
of the identified height-related morphological mutants, the mechanism(s) involved, and
their implications for agriculture.

In Chapter 2, I describe the use of a forward genetics approach employing
gamma-ray mutagenesis to produce a mutant population of sweet sorghum in an attempt
to construct an online database. More than 5,400 M, lines were screened based on their
morphology and a total of 669 independent mutant lines were classified into several
phenotypic categories.

In Chapter 3, I present the analysis of the causal genes of some height-related



mutants consisting of five severe dwarf mutants (badwl, bdw2, bdw3-1, bdw3-2 and
bdw4) with bent culms and dark green leaves, three slender/hyper-elongated mutants,
one severe dwarf mutant with twisted and irregular leaves, and one semi-dwarf mutant.
The severe dwarf mutants with bent culms were found to be mutated in four GA-
biosynthetic genes, namely, Copalyl diphosphate synthase 1 (SbCPSI), Kaurene
synthase 1 (SbKSI), Kaurene oxidase 1 (ShKOI), and Kaurenoic acid oxidase 1
(ShKAOI). On the other hand, the three slender mutants were found to have mutations
in Slender 1 (SbSLRI), which encodes a repressor protein for GA signaling. Further, the
severe dwarf mutant with twisted leaves was found to have a mutation in ShBR6ox
involved in brassinosteroid (BR) biosynthesis. Lastly, the semi-dwarf mutant had a
mutation in Dw3, a gene that encodes a phosphoglycoprotein involved in auxin
transport, the loss of function of which was instrumental for the production of many

semi-dwarf cultivars of sorghum in the past (Multani ef al., 2003).
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Introduction

In nature, plants need to adapt to changes in their environment in order to
successfully propagate. Such adaptation coincides with some advantageous mutations
that spontaneously occur in their genomes over a long period of time, leading to the
evolution of different species each endowed with a specific set of characteristics. Today,
this diversity is seen as an important tool for plant breeding as specific plants can be
used as donors of agronomically important traits such as those relating to yield, nutrient
value, drought tolerance, lodging resistance, pest and disease resistance, and others. In
conventional breeding, such donors are sexually crossed with other varieties to produce
segregating populations which are systematically screened to ensure that only the
progenies with favorable traits are advanced to succeeding generations. It also involves
back-crossing the progenies with any of the parents
(http://www.csiro.au/Outcomes/Food-and-Agriculture/ What-is-the-difference-between-
conventional-and-GM-plant-breeding.aspx) to produce near isogenic lines (NILs). The
entire process runs for several years until a stable line or variety is produced. However,
with the advent of artificial mutation induction techniques, modern plant breeders have
not only become able to address the slow process of producing new varieties, they also

found an alternative method of broadening a crop’s natural genetic diversity.

Mutation induction employs three categories of mutagens: physical (e.g., gamma
rays or heavy ion beam) (Bhaskara Rao and Reddi, 1975), chemical (e.g., ethyl methane
sulphonate (EMS), nitrosomethylurea (NMU) and diethyl sulfate (DES)) (Komorisono
et al., 2005; Saito et al., 2011; Rao et al., 2012), and insertional elements (e.g., tissue
culture-induced Tos17 retrotransposon, and transgenic Ac/Ds and T-DNA techniques)

(Hirochika, 2001; Miyao et al., 2007; Lo et al., 2008; Qu et al., 2009)). Of these,
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physical and chemical agents afford the advantage of stable mutations suitable for crop
varietal development. For instance, gamma ray was reported to produce direct mutant
varieties that do not go through the otherwise lengthy and laborious process of
conventional breeding (http://www-naweb.iaea.org/nafa/pbg/crp/d2-effects-
mutagenic.html). It is also known to generate both mild and severe phenotypes,
depending on the extent of damage incurred by the plant genome, which usually come
in the form of DNA deletions ranging from 1 bp up to more than 10 kb in length
(Henner et al., 1982; Asencion, 2005; Ordonio ef al., 2014). Given the random nature of
gamma ray’s deleterious effect on individual genes in the genetic repertoire, the
resulting mutant population can provide a library of mutants that can be used for gene
isolation, functional analysis, or molecular plant breeding (van Harten, 1998; Henikoff
and Comai, 2003; Till et al., 2003; Ahloowalia ef al., 2004; Henikoff ez al., 2004).

In contrast to rice and Arabidopsis, only a few reports on the use of gamma ray
for sorghum mutagenesis are available. These include the use of gamma ray for
improving or studying nutritional quality such as the reduction of kafirin content to
make sorghum highly digestible (Mehlo et al., 2013); drought and soil acidity tolerance
(Hanna, 1982; Human et al., 2011); allelopathic potential (Alsaadawi and Dayan, 2009);
agronomical traits (Bhaskara Rao and Reddi, 1975; Hanna, 1982; Hayat et al., 1990;
Larik et al., 2009) and heterosis and combining ability (Kenga et al., 2005). It was also
used for the isolation of some morphological mutants (Orange Leaf, Zebra Leaf, Midget
Plant and Slender Plant) from the cultivar Experimental 3 (Haensel et al., 1963). On the
molecular genetics front, reports about the use of gamma-ray to produce mutant
libraries intended for advanced gene research (forward genetics) are lacking.

In this chapter, I describe the use of gamma ray for the mutagenesis of SIL-05
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(sweet sorghum) for the purpose of generating an online mutant database of sweet
sorghum. In the case of rice, the availability of mutant libraries made way for the
discovery of many novel genes and their underlying mechanisms (Noguchi et al., 1999;
Bouquin, 2003; Sakamoto et al., 2004; Komorisono ef al., 2005). Thus, doing the same
approach on sweet sorghum should also help advance sorghum genetic research and

crop improvement.
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Materials and Methods

Plant materials and mutagenesis

Sorghum bicolor cv. SIL-05 (sweet sorghum) (Figure 1) was used for mutant
library construction by subjecting a large number of its seeds to about 200 Gy of
gamma-ray irradiation from a Cobalt-60 source. After exposure, the resulting M; lines

were sown in seedling trays and grown inside the greenhouse at 25°C for more than 3

weeks before planting in the field. At the heading stage, panicles of more than 5,400 M,
lines were covered with envelopes to prevent outcrossing. Finally, the M, seeds were
collected per panicle in small envelopes, grouped per line and used in the succeeding

mutant screening and segregation analyses.

Phenotypic screening of the M, generation and database construction
M, lines were planted to 15-20 plants per line in plastic seedling trays and grown

for about 1 month inside the greenhouse at 25°C. Mutants were screened by checking

for mutant phenotypes and their segregation patterns. Identified segregating lines, along
with other normal-looking lines were transplanted in the field. Phenotypic screening and
segregation analysis were also carried out during the reproductive stage. All data on the
mutant lines and their observed characteristics were organized for the construction of a

database of morphological mutants.
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Results

In order to produce a diverse set of mutants with sweet sorghum background,
mature SIL-05 seeds were irradiated with gamma ray and then sown. During the
screening of the M, population, the following objectives were borne in mind: (1)
isolation of morphological mutants with severe phenotypes that maybe useful for basic
science because of their novelty, and (2) isolation of mutants with mild phenotypes that
maybe useful for sweet sorghum breeding (e.g. semi-dwarf, lodging resistant
phenotype).

At the seedling stage, exactly 566 out of the 5466 lines screened showed at least
1 or more phenotypic mutations per plant (entire blue circle in Figure 2). As some plants
had multiple traits, a total of 1,046 phenotypic mutations were observed at the seedling
stage (Table 1 and Figure 3). These were classified into 9 categories, namely,
germination (late germination), growth (weak growth, early growth, etc.), leaf color
(albino, pale green, yellow, etc.), leaf morphology (broad, narrow, short, etc.), plant
height (extremely dwarf, severe dwarf, semi-dwarf and slender mutants), disease
response (target spot-like), tillering (high tillering), culm morphology (thick culm), and
others (abnormal gravitropism and abnormal plastochron). Examples of some of the
mutants are shown in Figure 4. Among the phenotypic categories, plant height had the
most number of phenotypic mutations, amounting to 69% of all the mutations observed
(Figure 3). Under this category, severe dwarf was the most numerous (337 plants). The
next category in terms of size was leaf morphology, although it had a much lower
degree of occurrence (11%) than plant height (Figure 3).

Out of the 566 independent mutant lines from the seedling stage, 215 were

further found to possess discernable mutant phenotypes at the heading stage (entire
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brown circle in Figure 2). Also at this stage, another 106 independent lines that were
previously normal at the seedling stage showed some mutant phenotypes. This brought
the total of isolated independent lines in this study to 672. As some of these lines
possessed multiple mutant traits, a total of 829 phenotypic mutations were observed at
the reproductive stage (Table 2 and Figure 5). They fall under 10 categories, which
included 2 new ones namely, heading date (early and late heading) and panicle
morphology (short, long, long rachis, etc.), under which 95 and 39 mutations were
observed, respectively. Photos of typical mutants are shown in Figure 6. As expected,
plant height still had the most number of phenotypic mutations, amounting to 41% of
the total phenotypic mutations (Figure 5). At this stage, plants with semi-dwarfism,
most of them showing no adverse morphological effects, were found to be the most
numerous. The next category in terms of size was culm morphology, which was only
21%. These results clearly indicate that plant height-related mutations are the main

effects of gamma ray in sorghum.
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Discussion

Construction of a mutant database is important for advanced sorghum genetic
research. In this study, various mutants of different phenotypes ranging from severe to
mild were isolated from the gamma ray-induced mutant library/population of sweet
sorghum. From the seedling stage to the reproductive stage, a total of 11 phenotypic
categories were noted. After analyzing the percentage of occurrence of phenotypic
mutations, majority of the mutants at both the seedling and vegetative stages were found
to exhibit height-related defects, especially dwarfism, which suggests that the gene
network that controls plant height in sorghum is highly prone to disruption by gamma
ray. In the case of rice and Arabidopsis, many genes linked to dwarfism, along with
their mechanisms have been elucidated by studying mutants with loss-of-function
mutations (Clouse et al., 1996; Sato et al., 1999; Ikeda et al., 2001; Bouquin, 2003;
Takeda et al., 2003; Aya et al., 2014). As for sorghum, using the generated mutant
population in this study as a tool, isolation of many height-related genes could also be
possible. Actually, genetic analyses of some of the height-related mutants isolated in
this study are presented in Chapter 3.

Sweet sorghum has always been left behind by grain sorghums in terms of
research priorities given to them. In fact, the existing sorghum genome sequence
available since 2009 is derived from a grain sorghum variety, Btx-623. The data from
this study is thus an important contribution to sweet sorghum research. Such data will
be uploaded online in the form of a database to provide such information as
accession/line numbers, phenotypes, gamma ray level used, mutated genes, the specific

mutation sites, and others.
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Another important use for the generated population is to serve as source of new
parentals for sweet sorghum breeding geared towards biorefinery use. This is especially
true with the isolated semi-dwarf mutants at the reproductive stage. Actually, one of
these mutants, namely, SO9P-2101 (later changed to dw3-sd3), had been genetically
analyzed in Chapter 3. Characterization of these mutants in terms of agromorphological
traits especially sugar content should also be necessary.

Taken altogether, the above observations show that gamma ray is a useful tool
for inducing mutations in sweet sorghum. The wide range of generated mutants is not

only attractive for basic research but also for breeding purposes.

Summary

Seeds of sweet sorghum cv. SIL-05 were mutagenized using approximately 200
Gy of gamma-ray irradiation. Phenotypic screening was carried out using 5,466 lines
(M3), of which, a total of 672 independent lines showed at least one phenotypic
mutation at the seedling and reproductive stages in such categories as germination,
growth, leaf color, leaf morphology, plant height, disease response, tillering, culm
morphology, heading date, panicle morphology and others. Among these categories,
plant height was the largest. The data from this study will be uploaded online to serve as

a valuable reference on sweet sorghum mutants.
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Figure 1. Sorghum bicolor cv. SIL-05 (sweet sorghum) used for gamma-ray
mutagenesis in this study. Gross morphology of SIL-05 at the reproductive stage. Scale

bar =1 m.
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4,794

Figure 2. Venn diagram showing the gamma ray-treated population consisting of 5,466
independent M, lines phenotypically analyzed in this study. Gray circle represents the
entire mutant population treated with ~200 Gy of gamma ray. Blue and brown circles
represent the lines with morphological mutations at the seedling stage and reproductive

stage, respectively.



Table 1. Cumulative tally of phenotypic mutations observed at the seedling stage.

Category Phenotype No. of occurrences
germination late germination 23
growth weak growth 22
early growth 7
twin shoot 1
leaf color albino 7
pale green leaf 22
yellow leaf 3
dark—green leaf 29
virescent leaf 21
abnormal chlorophyll 2
purple leaf 1
leaf morphology broad leaf 7
narrow leaf 36
short leaf blade 3
long leaf blade 4
short leaf sheath 6
droopy leaf 7
erect leaf 3
rolled leaf 4
spiral leaf 6
wavy leaf 16
brittle 1
soft leaf 2
straw leaf blade 3
withering 4
malformed leaf 9
plant height extremely dwarf 139
severe dwarf 337
semi dwarf 237
slender 4
disease response target spot-like 7
leaf blight 34
spl/lesion mimic 6
tillering high tillering 20
culm morphology thick culm 8
others abnormal gravitropism 2
abnormal plastochron 3
1046
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Figure 3. Breakdown of the 1,046 phenotypic mutations observed at the seedling stage.
The category, Plant height, had the most number of occurrences among the 566

independent lines observed at the seedling stage.
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Figure 4. Typical mutants isolated at the seedling stage. Scale bars =5 cm.
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Table 2. Cumulative tally of phenotypic mutations observed at the reproductive stage.

Category Phenotype No. of occurrences
growth weak growth 27
leaf color pale green leaf 5
yellow leaf 4
dark—green leaf 5
virescent leaf 5
stripe leaf 1
leaf morphology wide leaf 18
narrow leaf 30
short leaf blade 5
erect leaf 6
droopy leaf 1
rolled leaf 2
wavy leaf 2
soft leaf 1
plant height extremely dwarf 5
severe dwarf 112
semi dwarf 185
long culm 41
disease response spl/lesion mimic 5
tillering high tillering 54
branching from upper internodes 4
culm morphology slender culm 94
thick culm 65
pithy 2
short upper internode 2
short lower internode 1
incomplete panicle exertion 5
many internodes 1
bending culm 5
heading date early heading 56
late heading 39
panicle morphology short panicle 14
long panicle 5
long rachis 3
dense panicle 3
sparse panicle 5
shattering 4
abnormal panicle shape 1
abnormal flower 1
multiple panicles 1
lax panicle 2
others chimera—like 2
829
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Figure 5. Breakdown of the 8§29 phenotypic mutations observed at the reproductive
stage. The category, Plant height, had the most number of occurrences among the 322

independent lines observed at the reproductive stage.
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Figure 6. Typical mutants isolated at the reproductive stage. Scale bars inside blue box

= 50 cm. Scale bars outside = 5 cm.
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Chapter 3
Mutant Analysis: Identifying the causal genes of height-related

mutants of sweet sorghum and their implications for agriculture
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Introduction

Genetic mutations are often accompanied by changes in phenotype and such
changes reveal the biological function of affected genes. This is the reason why mutants
have been regarded as powerful tools for genetic research in rice, Arabidopsis, and other
species. As for sorghum, there are currently just a few reported mutants in the literature.
These include the naturally occurring mutants like candystripe (y-cs) (Zanta et al.,
1994), ma3 (phytochrome B) (Childs et al., 1997), maturity 1 (mal) (PRR37) (Murphy
et al., 2011), dwarf 3 (dw3) (pgpl/br2, dw3-sdl and dw3-sd2) (Multani et al., 2003;
Barrero Farfan et al., 2012) and ma6 (ghd7) (Murphy et al., 2014). Other known
sorghum mutants were products of different mutagenic techniques which include the

low lignin brown midrib (bmr) mutants that are defective in lignin-biosynthetic genes

such as caffeic acid-O-methyltransferase (COMT) (bmrl2, bmrl8 and bmr26),

cinnamyl-alcohol dehydrogenase (CAD) (bmr6), and 4-coumarate: coenzyme A ligase
(4CL) (bmr2) (Bout and Vermerris, 2003; Vogler ef al., 2009; Rao et al., 2012; Saballos
et al., 2012); the low toxicity cyanide-free dhurrinase 2 (Krothapalli et al., 2013),
totally cyanide deficient] (tcdl) and elevated cyanide potentiall (ecpl) mutants
(Blomstedt et al., 2012); the herbicide-resistant mutant with an amino acid substitution
in sorghum acetohydroxyacid synthase (AHAS) protein subunit (Uriarte et al., 2013);
the mutants defective in Phytochrome A (PhyA) and myoinositol kinase I (MIKI) (low
phytic acid) identified through TILLING (Xin et al., 2008); and the highly digestible
high-lysine (hdhl) mutant with reduced accumulation of the main storage protein of
sorghum, kafirin (Wu et al., 2013).

As mentioned in Chapter 2, height-related mutations occurred with the highest
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frequency in the gamma ray-induced mutant population of sweet sorghum in this study.
This chapter thus focuses on sorghum mutants with height-related traits, namely,
dwarfism and slenderness.

Dwarfism in plants is brought about by an irregularity in one or more of the
various growth-related mechanisms, and may involve physical defects in some cellular
growth processes, or problems in the production and action of phytohormones. So far,
aberrant cellular division or elongation has already been reported to cause dwarfism in
some mutants such as the rice d6 (Sato ef al., 1999), bent uppermost internode 1 (buil)
(Yang et al., 2011), jmj703 (Cui et al., 2013) and gladius leaf (dgl-1) (Komorisono et
al., 2005), and the Arabidopsis luel (Bouquin et al., 2003). However, the relationship
between dwarfism and phytohormones has been more widely studied using various
kinds of plant species. In the case of auxin, some of the reported dwarf mutants include
the maize brachytic 2 (br2) (Multani ef al., 2003; Knoéller ef al., 2010) and the sorghum
dwarf 3 (dw3) (Multani et al., 2003) which both have semi-dwarfism due to a defect in
auxin transport; the rice small organ 1 (smosl), which has a defective transcription
factor that disrupts auxin signaling (Aya et al., 2014), and the auxin-deficient rddl
(Sazuka et al., 2009); and the Arabidopsis sax] which shows high sensitivity to auxin
(Ephritikhine ef al., 1999), and budl which has a defect in auxin metabolism (Dai et al.,
2003). Another growth-promoting hormone is brassinosteroid (BR). Mutants that have a
defect in BR biosynthesis and signaling show severe dwarf phenotypes as in the case of
the Arabidopsis BR-deficient de-etiolated 2 (det2) (Noguchi et al., 1999) and seuss-1
(seu-1) (Nole-Wilson et al., 2010), and the brassinosteroid-insensitive bril/ (Clouse et
al., 1996); the rice BR signaling mutants, d6/-4 (Nakamura et al., 2006) and erect leaf ]

(elfl-1) (Sakamoto et al., 2013), and the BR-deficient ebisu dwarf (d2) (Hong et al.,
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2003); and the tomato bréox (BR biosynthesis) mutant “Micro-Tom”, a commercial
cultivar (Marti ef al., 2006). BR-related mutations can also give rise to semi-dwarfism,
and among them, a barley mutant, uzu, was used for producing a lodging-resistant
variety (Chono et al., 2003). Recently, strigolactones (SLs), a group of newly identified
plant hormones that control plant shoot branching, have also been implicated for
dwarfism in high-tillering dwarf mutants as in the case of the SL-deficient d/0 and the
SL-insensitive d53 and d/4 mutants of rice (Arite ef al., 2009; Jiang et al., 2013).
Among the phytohormones, gibberellin (GA) is the most well known to be
involved in controlling stem elongation, and a deficiency or insensitivity to GA could
easily result in severe dwarfism as reported in many different kinds of plant species
such as the rice mutants independently mutated in any of the six GA-biosynthetic
enzymes, ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), ent-
kaurene oxidase (KO), ent-kaurenoic acid oxidase (KAO), GA20-oxidase (GA200x),
and GA3-oxidase (GA3ox) (Sakamoto ef al., 2004); the pea GA-deficient na-1
(Davidson et al., 2003); the Arabidopsis GA-insensitive short internodes (shi) (Fridborg
et al., 1999) and ga-insensitive (gai) (Peng et al., 1997), and the GA-deficient gal — 3
mutants (Sun and Kamiya, 1994); the barley GA-deficient grd2c mutant (Wolbang et al.,
2007) and the GA-insensitive s/n/ mutants (Chandler et al., 2002); and the potato
andigena (adg) mutant (Bamberg and Hanneman, 1991). GA-related dwarfism can also
be caused by viral agents that lower the levels of active GA in plants, as in the case of
rice dwarf virus (Zhu et al., 2005) and rice tungro bacilliform virus (RTBV) infection
(Petruccelli et al., 2001). Across different species, GA-related mutants with severe
dwarfism show several consensus phenotypes such as small dark-green leaves, delayed

germination, defective flowering, reduced seed production and male sterility (Bamberg
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and Hanneman, 1991; Hedden and Phillips, 2000; Sakamoto ef al., 2004; Fleet and Sun,
2005; Tanimoto, 2005; Wang and Li, 2005; Chhun et al., 2007; Lo et al., 2008), whereas,
semi-dwarf mutants only show mild height reduction with no adverse effects on overall
morphology or agronomical traits. This is the reason why GA-related mutants with
semi-dwarfism were widely used in the history of crop production. Actually, the rice
semi-dwarfl (sdl) and wheat Reduced height-1 (Rht-1) mutants became the highlights
of the Green Revolution, which avoided the imminent food shortage of the mid-20"
century (Hedden, 2003). Later on, the SD/ gene was characterized as a GA20-oxidase
(Sasaki et al., 2002; Spielmeyer et al., 2002), which catalyzes the penultimate step of
GA biosynthesis, while the RAtI-1 was found to encode a constitutively active repressor
of GA signaling (Peng et al., 1999). Further, another GA-deficient mutant defective in
KO, Tan-ginbozu/d35, also contributed to rice crop productivity due to its lodging
resistance (Itoh et al., 2004).

Aside from dwarfism, another type of height-related defect is the abnormal
increase in height of plants. This phenomenon is also reported to be mainly due to GA-
related anomalies, as in the case of the rice s/r/ mutant (Ikeda ef al., 2001; Ueguchi-
Tanaka et al., 2005, 2007), which has a defective GA signaling repressor, DELLA
protein, and in the case of the classical “bakanae” disease of rice (Yabuta and Sumiki,
1938) caused by Gibberella fujikuroi.

In contrast to the other plant species above, there are still no other reports of
height-related mechanisms (including those relating to GA) in sorghum aside from the
auxin-related semi-dwarf dw3 mutants mentioned earlier. Until now, even the
underlying mechanisms behind the major dwarfing QTL genes (dwl, dw?2 and dw4)

used in the history of sorghum breeding have remained unknown (Wang et al., 2012;
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Morris et al., 2013; Thurber ef al., 2013). Aside from these classical dwarfing genes,
increasing the number of available dwarfing mechanisms for sorghum should be
important not only for breeding but also for basic research.

Here, I present the isolation of 5 GA-biosynthetic severe dwarf mutants (bdw -
bdw4) that show identical unusual bent culms, 3 GA-signaling slender (constitutive)
mutants (s/r/-1 — 2), 1 BR-biosynthetic severe dwarf mutant (br6ox) and 1 auxin-related
semi-dwarf mutant (dw3-sd3) from our gamma ray-induced sweet sorghum mutant
population. Aside from the direct contribution of these mutants for sorghum genetic
research, the results also reveal some important findings that are believed to have

significant implications for sorghum breeding.
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Materials and Methods

Plant materials
All identified mutants, including bdw I-bdw4, slr1-1, slr1-2, br6ox, dw3-sd3 and
WT plants for analysis were grown in pots inside a temperature-controlled greenhouse

under ambient lighting conditions.

DNA isolation

Total genomic DNA isolation was done using the modified CTAB
(hexadecyltrimethylammonium bromide) method (Murray and Thompson, 1980). Plant
tissues were thoroughly ground using mortar and pestle with the aid of liquid nitrogen
and quickly transferred into Eppendorf tubes containing 0.4 ml of 2x CTAB extraction
buffer, followed by mixing. The tubes were incubated at 65°C for 30 min and then
added with 0.4 ml of chloroform-isoamyl solution (24:1), followed by centrifugation at
15,000 rpm for 15 min. Afterwards, supernatant was transferred into a new Eppendorf
tube, mixed with an equal volume of isopropanol (~360 pl) and then centrifuged at
15,000 rpm for 20 min. Liquid portion was discarded and pellet was rinsed by adding
0.5 ml of 70% ethanol. Tubes were centrifuged at 15,000 rpm for 10 min and the
ethanol was discarded. After vacuum-drying the tubes for 5 min, 50 pl of TE solution
containing 100 ng/pul of RNAse A was added to dissolve the pellet. DNA concentration
was quantified using Beckman DU 640 Spectrophotometer by aliquoting 1 ul of the

extracted DNA with 99 ul of sterilized Milli-Q (Millipore) water.
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BLAST, primer design, PCR and DNA sequencing

Amino acid sequences of known GA- and BR-biosynthetic genes and auxin-
related genes of rice were used as queries for the TBLASTN program
(http://www.phytozome.net/search.php?show=Dblastandorg=Org_Sbicolor v2.1) to
identify homologous sequences in the sorghum genome. PCR analysis of the GA-related
genes such as SbCPSI (Sobic.001G248600), SbKS1 (Sobic.006G211500), SbKOI
(Sobic.010G172700), SbKAOI (Sobic.010G007700), SbGA200x2 (Sobic.003G379500),
SbGA30x2 (Sobic.003G045900), and SbHSLRI(Sobic.001G120900); BR-related genes
such as ShBR60x/SbBRDI (Sobic.001G172400), SbD2 (Sobic.003G030600), SbDI1
(Sobic.006G114600) and SbBRI1/D61 (Sobic.003G277900); and auxin-related SbDw3
(Sobic.007G163800), was done on concerned mutants and the WT using the PCR
primers listed in Table 5.

PCR solution constituted of sterilized Milli-Q water, 15.15 ul; 10x PCR bufter, 3
pl; 2 mM dNTPs, 3.75 pl; DMSO, 1.5 pl; taq polymerase, 0.6 pl; 10 pmol forward and
reverse primer, 1.5 pl each; and 40 ng/pl genomic DNA template, 3ul. For amplification,
GeneAmp PCR System 9700 was employed. Cycling conditions were varied based on
the requirement of each specific primer sets.

PCR products were run on 1.5% agarose gel. Afterwards, desired bands were cut
out and eluted using the Wizard SV Gel and PCR Clean-up System kit (Promega).

One-sided PCR solution consisted of 0.25x reaction buffer (Applied Biosystems),
4 ul; sterilized Milli-Q water, 2.84 pl; 10-pmol primer, 0.16 pl; and eluted DNA, 3 pl.
Cycling condition was set at: 25 cycles of 96°C, 10 sec; SOOC, 5 sec; and 60°C, 4 min;
and 25°C holding temperature. After PCR, 10 pl of isopropanol was added into each

well, followed by pipet-mixing (~10x) and centrifugation at 3,000 rpm for 30 min. The
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plate was then inverted and spun at 300 rpm for 30 sec. The wells were briefly rinsed
with 200 pl of 75% ethanol, inverted and spun at 300 rpm for 30 sec and then vacuum-
dried for 5 min.

Prior to sequencing, 20 pl of deionized formamide was added into each well,
followed by pipet-mixing (~10 times). The samples were denatured at 95°C for 3 min on
a thermal cycler and then quickly put on ice while shielding from light. DNA
sequencing was done with the ABI Prism 310-10 sequencer following the

manufacturer’s protocol.

Clustal analysis and phylogenetic tree construction

Deduced amino acid sequences of sorghum CPS1, KS1, KO1 and KAO1, SLR1,
BR60ox and Dw3 were compared with those of other species by aligning with ClustalW
(http://www.genome.jp/tools/clustalw/) using default settings (slow/accurate) and then
manually adjusted to optimize alignments. The unrooted phylogenetic tree with branch
length (N-J) tree file output was used to create a phylogenetic tree with FigTree v1.4.0
(http://tree.bio.ed.ac.uk/software/figtree/) using default settings for the rectangular tree

layout.

Total RNA isolation, cDNA synthesis and semi-quantitative RT-PCR analysis

Total RNA was isolated using a modified Trizol method (Chomczynski and
Sacchi, 1987). For ¢cDNA synthesis, Omniscript RT Kit (Qiagen) was used. Prior to
cDNA synthesis, a master mix consisting of 10x buffer RT, 2 pl; 5 mM dNTPs, 2 ul ; 10
UM oligo-dT primer, 1ul; 40 units/pul RNAse inhibitor, 0.25ul; and Omniscript reverse

transcriptase, 1 pl, was prepared. Afterwards, 1 pug RNA and RNAse-free water were
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mixed to a total volume of 13.75 ul in PCR tubes. This was followed by incubation at
65°C for 5 min and then placed on ice. Exactly 6.25 pl of the master mix was dispensed
into each well. PCR cycling condition was set at: 37°C, 60 min; 93°C, 5 min; and 20°C,
infinite. c¢cDNA concentration was determined with a Beckman DU 640
Spectrophotometer. All the cDNA per well was diluted at once to 40 ng/ul for use in
semi-quantitative RT-PCR. Semi-quantitative RT-PCR was carried out as in standard
PCR above. Primers used were designed to span two succeeding exons to be sure that
the amplified bands originate from nothing else but the cDNA, in case of genomic DNA
contamination. Cycling conditions were optimized and adjusted as required by each

specific primer sets and cDNA samples.

Microscopic analysis

A culm longitudinal section of the bdw3-I mutant was made with a cryotome.
For staining, hematoxylin and eosin stains were used. Photographs were taken using an
Olympus photomicroscope connected to a CCD camera. Resulting photographs were
stitched to create a panoramic image (Photostitch, Canon). In order to understand the
underlying cause of the bending in the bdw3-I1 mutant, both the upper and lower sides
of the fifth internode, where the greatest degree of bending took place, were analyzed
by checking the length and number of cells in 5 cell files within a 500-um long region
(orange rectangles, Figure 7D) and then estimating the total number of cells in the

internode.

39



Gravitropism test

Seeds of the bdwl and bdw3-1 mutants (as representatives of the phenotypically
identical bdw mutants) and WT were disinfected with 50x antiformin for 30 min and
rinsed 5 times with milliQ water followed by soaking in 5x benlate solution overnight at
4°C and then sowed on MS medium with 0.9% agar in plastic rectangular culture plates.
The plates were prepared as follows: After autoclaving at 120°C for 15 min, the medium
was poured into sterile plastic rectangular culture plates up to the brim and then allowed
to solidify. As soon as it was hard, a rectangular piece of agar, about 7.5 cm long, was
cut away from one end of the plate to make room for seed sowing and seedling growth.
Seeds were sown aseptically and grown under lighted condition at 25°C up to 4 days
after germination (DAG). Afterwards, the plates were rotated 90° and examined 4 days
after rotation (DAR). Plate imaging was done by using a flatbed digital scanner. Also,
bent bdw1 plants at the vegetative stage were rotated 90 degrees following the direction

of culm bending and compared their response to the WT.

Genome mapping of the baw3 locus and sequence analysis

To carry out gene mapping, heterozygous siblings of the bdw3-1 mutant (sweet
sorghum (SIL-05) background) were crossed with bmr-6 (grain sorghum cultivar) to
produce F; plants that were progeny-tested to obtain the desired F, population for
analysis. Segregation ratio of the tall and dwarf phenotypes was observed and analyzed
by chi-square test.

About 1,500 Simple Sequence Repeats (SSR) markers (Yonemaru et al., 2009)
were screened and 162 polymorphic markers were selected. For rough mapping of the

candidate region, 16 F, seedlings with tall phenotype were analyzed using the SSR
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markers. For fine mapping, the analysis was expanded to a total of 249 F, tall plants.

Southern blotting analysis
DNA gel blot analysis was done to analyze the ShCPSI and ShKOIgenes of
bdwl, bdw3-1 and WT using 1 pg genomic DNAs following a previously described

protocol (Miura et al., 2009). Primers used to amplify the probes are listed in Table 5.

Agrobacterium-mediated transformation

To examine the bioactivities of the identified sorghum GA-related genes, 11,287,
6,938, 7,628, 5,909 and 4,800 of sorghum genomic DNA fragments containing entire
SbCPS1, SbKS1, SbKOI, ShKAOI and ShSLRI genes along with their native promoters,
respectively, were cloned into a pPCAMBIA1300 binary vector. On the other hand, 5991
bp of SbBR60x/ShBRDI genomic DNA was cloned into pPCAMBIA 1380 vector. The
chimeric plasmids were respectively introduced into rice oscpsI-I, osksi-1, osko2-1,
oskao-1, T-65 and T2-177 through Agrobacterium-mediated transformation (Sakamoto
et al., 2004; Hiei and Komari, 2008). The transformants were screened on selection

medium with hygromycin and the regenerated plants were documented.

Exogenous gibberellin treatment, uniconazole and brassinolide treatments

For GA treatment, two-week old bdw3-1 seedlings were transplanted into pots. A
set of three pots (with holes in the bottom) were placed in a square plastic vat
containing a designated concentration of GA3 (0, 1 x 10%,1x107,1x10% 1 x 107 and
1 x 10 M) and were grown continuously in the solution for four months inside the

greenhouse. For uniconazole treatment, a set of five 4-week-old WT plants (SIL-05)
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were grown continuously for 2 months in a vat containing specified concentrations of
uniconazole (0, 1 x 107, 3 x 107, 1 x 10, 3 x 10° and 1 x 10” M). In both GA and
uniconazole experiments, the vats were regularly checked and augmented with water
whenever necessary to guard against evaporation and fluctuation in the concentration of
the original solution until the completion of the experiment. Measurement of plant
height was done with a rope by tracing the contour of the main culm from the base to
the longest tip. Culm angle was taken by measuring the angle formed by the culm
against the vertical axis. For BL treatment, the BR-related mutant was sprayed with 0.25

ppm (5.22 x 10-7 M) BL (Maity and Bera, 2009) every day for 3 weeks.

DNA and RNA-seq analysis by Next Generation Sequencing (NGS)

Two isogenic varieties, tall white sooner milo (DwlDwl) and dwarf white milo
(dwldwl) carrying gain-of-function and loss-of-function alleles of Dwl, respectively,
were utilized for genomic DNA sequence analysis using NGS. Sequencing was
performed at Hokkaido System Science Co. Ltd. (Sapporo, Japan). Library for
sequencing was prepared using TruSeq DNA/RNA Sample Prep Kit (Illumina, Inc.)
according to the manufacturer's protocol. The resultant library was sequenced (2 x 101
cycles, paired-end) on HiSeq 2500/2000 instrument using TruSeq PE Cluster Kit and
TruSeq SBS Kit (Illumina, Inc.) to obtain approximately 40 million raw sequence reads
for analysis. Sequences were mapped to the BTx623 sorghum reference genome
(Paterson et al, 2009) by wusing BWA version 0.6.1-r104 (http://bio-
bwa.sourceforge.net/), and SNPs were called with the SAMtools version 0.1.18
(http://samtools.sourceforge.net/). The two varieties were also subjected to RNA-seq

analysis by using elongating internode total RNAs. Total RNAs were utilized for RNA-
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seq experiment as previously described (Mizuno et al., 2012).
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Results

L. Analysis of GA-deficient severe dwarf mutants

During the process of screening for dwarf phenotypes, several unusual dwarf
mutants, which developed bent culms were isolated. Succeeding analyses revealed that
they were mutated in four different loci, hence, they were named bending dwarf (bdw)l
- bdw4, with bdw3 having two different alleles (bdw3-1 and -2). At the seedling stage,
the bending culm phenotype was not evident in the mutants (Figure 7A) but severe
inhibition of internode elongation was observed (Figure 7B). At about three and a half
months after sowing, the bent culm phenotype was clearly observed (Figure 7C). The
mutants bent in a prostrate manner with leaves extending from the sides of the culm
(rightmost in Figure 7C).

In order to study the underlying reason for the bending, histological analysis of
the bdw3-1 culm (Figure 7D) was carried out. The cell length at the upper side of the
bent region was significantly shorter than that of the lower side (Figure 7D, E),
suggesting that there is a faster rate of cell proliferation at the upper side. Actually, the
cell number at the upper side was more than two-folds higher than that at the lower side
(Figure 7F). These observations suggest that the bending was due to a difference in cell

proliferation rates between the upper and lower sides of the bent culm.

The bdw mutants have reduced gravitropic response.
As the gravitropic perception of the mutants might be defective, the response of
the bdw1 culm to gravity at two stages, seedling and vegetative (Figure 8) was directly

examined. The aerial part of bdwl at the seedling stage responded positively to
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gravistimulation, but with a much weaker response compared to the WT (Figure 8A),
possibly due to its naturally inhibited culm elongation. Such weak gravitropic response
was also observed at the late vegetative stage (Figure 8B). Aside from the culm, the
roots of bdw1 also responded positively but much more slowly to gravistimulation at the
seedling stage (Figure 8A), as observed in another bdw mutant, bdw3-1 (Figure 8C),

strongly suggesting that the hdw mutants have diminished ability to respond to gravity.

A loss of function of GA-biosynthetic genes causes the bending dwarf phenotype.

To further characterize the bdw mutants, positional cloning of the BDW3 gene
was carried out. F; plants derived from the cross between bdw3-1 and the cultivar bmr-6
were used. These plants segregated into two phenotypic groups, tall and dwarf, with a
segregation ratio of 3:1 (P<0.05), respectively. By genotyping 249 F, plants, the BDW3
locus was narrowed down to approximately 4.0-Mb region between the markers Sb5370
and SSR5 5423 (Figure 9A). This region contains 283 genes annotated in the sorghum
genomic DNA  sequence database  (http://www.phytozome.net/), including
Sobic.010G172700 (Table 3), a gene which is homologous to the rice ent-kaurene
oxidase (KO) that encodes a GA-biosynthetic enzyme (Sakamoto et al., 2004) (Figure
10). In rice and Arabidopsis, the loss of function of KO causes a severe dwarf
phenotype with small dark-green leaves (Helliwell ef al., 1998; Sakamoto et al., 2004),
which was also evident in bdw3-1 except that it had an added bent culm trait (Figure
7C). The deduced amino acid sequence of Sobic.010G172700 showed a high similarity
to the entire sequence of rice KO (67%) and also to that of Arabidopsis KO (56%)
(Figure 11) (Helliwell et al., 1998; Sakamoto et al., 2004). Possible mutation in the

genomic DNA sequence encompassing the ShKO gene was probed by using PCR, the
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result of which showed no PCR products from the genome of bdw3-1 (upright red
triangles, Figure 9B), whereas the same primers produced PCR products from the WT
genome at the same condition. By using primers covering the flanking sequences of the
SbKOI gene, sequences that yielded PCR products (upright blue triangles KO1, KO2,
KO18 and KO19, Figure 9B) were successfully located, showing the deletion around
the ShKOI gene to be at about 45 kb (KO3 to KO17). The same experiment was also
performed on another bdw3 mutant, bdw3-2, and found that it contained a shorter
deletion (~17 kb) involving all portions of its ShKOI gene (inverted red or blue
triangles in Figure 9B). A genomic DNA blotting analysis using the promoter sequence
of the ShKOI gene as probe also confirmed the large deletion in the corresponding
region of the bdw3-1 genome (Figure 12C, D).

The above results suggest that mutation in the ShKO! gene could be the reason
for the severe dwarfism in the hdw3 mutants. To determine whether such loss of
function of GA-biosynthetic genes is behind the phenotype of all the hdw mutants, the
sequences of the other GA-biosynthetic genes (CPS, KS, KAO, GA20ox, and GA30x) in
the remaining mutants were examined. As expected, the genome of hdw! contained an
approximately 16-kb deletion involving the entire genomic region of ShHCPSI
(Sobic.001G248600) (Figure 9C; Figure 12A, B). That of hdw2 had a one-nucleotide
deletion in the exon 3 of ShKSI (Sobic.006G211500) (Figure 9D), while bdw4
contained a five-nucleotide deletion in the exon 2 of ShKAOI (Sobic.010G007700)
(Figure 9E). These genes encode the enzymes indicated in Figure 10, and their amino
acid alignment with orthologous proteins and the corresponding phylogenetic tree are
presented in Figures 13-15. Overall, these findings demonstrate that all of the five bdw

mutants have defects in GA-biosynthetic genes.
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To confirm that the concerned GA-biosynthetic genes in sorghum really function
in vivo, they were used to transform corresponding GA-deficient mutants of rice,
namely, oscpsi-1, osksl-1, osko2-1 and oskao-1 (Sakamoto et al., 2004). A 7,545-bp
sorghum genomic DNA fragment containing the entire SAKO/! sequence was introduced
into rice osko2-1 via Agrobacterium tumefaciens-mediated transformation and found
that it completely rescued the severe dwarfism of the mutant (Figure 16). Similarly,
introduction of ShCPSI, SbKSI, and ShKAOI genes rescued the dwarfism of
corresponding rice mutants (Figure 16). These observations confirmed that the isolated
sorghum genes have biological activity in rice, and therefore the dwarf phenotype of the

bdw mutants should be caused by the loss of function of these genes.

GA rescues the bending culm phenotype, whereas, uniconazole induces bending in WT
plants.

The results described above indicate that loss of function of GA-biosynthetic
genes causes dwarfism accompanied by unusual culm bending in the mutants. GA
deficiency was further confirmed to cause the culm bending by using two approaches.
First, bdw3-1 plants were treated with different concentrations of GAj; for 4 months.
Both the dwarf phenotype and the bending culm phenotype were rescued in a dose-
dependent manner by GA3, and were almost normal at 10* M GA; (Figure 17). At 10
M GA;, the dwarfism was partially rescued to about 60% but the culm remained at a
significantly bent state (Figure 17). Secondly, WT plants were treated with various
concentrations of uniconazole (Figure 18), an inhibitor of GA biosynthesis. As a result,
treatment with 10 M uniconazole induced WT to bend in a similar manner observed in

the mutants (Figure 18A). At 3 x 10° M uniconazole, the plant height was reduced to
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about 25% while the bending was significantly induced from 0 to about 5 degrees
against the vertical axis. These results show that the alleviation of the dwarf and bent
phenotype of the mutants by GA was exactly opposite to the effect of uniconazole on

WT plants, and that dwarfism and bending are tightly correlated (Figure 17A, 18A).

II. Analysis of slender GA signaling mutants

Three lines from the mutant population, namely, SO9P-2030, S09P-2002 and
SO09N-0009 were observed to exhibit a slender or hyper-elongated phenotype (Figure
19). Since the GA-deficient severe dwarf mutants above showed phenotypic
resemblance to similar mutants of rice and that such resemblance also coincided with
the same type of genetic mutations, a phenotypic approach to determining the causal
genes of the 3 sorghum slender mutants was used. By careful examination, the hyper-
elongated morphology of the mutants generally resembled that of the reported slender
mutant of rice (s/r!) (Ikeda et al., 2001; Ueguchi-Tanaka et al., 2005; Ueguchi-Tanaka
et al., 2007), except for some culm twisting and ability to produce panicles albeit
abnormal (Figure 20). The slender phenotype of the mutants was clearly observed even
at an early stage because of their rapid elongation relative to the WT.

To confirm that the mutants have the same mutation as the rice s/r mutants, their
SHSLR1 genes were analyzed by DNA sequencing. As a result, two mutants were found
to have a 2-bp deletion at the SAW domain-coding region of the SASLRI gene, resulting
in a frame shift (Figure 21A). The third mutant also had a 2-bp deletion that overlapped
by 1 bp from the earlier allele.

To demonstrate the biological function of the sorghum SLR/ gene, it was used to

transform a tall variety of rice, T65, by Agrobacterium tumefaciens-mediated
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transformation (Figure 22). As a result, the SASLR transformants showed a significant
decrease in height compared to the vector control, consistent with the role of the

encoded DELLA protein as a repressor of GA action.

III.  Analysis of the severe dwarf brassinosteroid (BR) biosynthetic mutant

Some of the severe dwarf mutants identified from the gamma ray-induced
mutant population showed twisted and irregular leaves (broad, thin and rough lamina)
(Figure 23A) that generally resembled known brassinosteroid (BR)-related mutants of
rice. One of them, SO9N-1794 had an abnormal skotomorphogenesis when grown in the
dark which is a strong indication of a BR-related defect (Hong et al., 2002) (Figure
23B). Furthermore, brassinolide (BL) treatment significantly increased its height
relative to the untreated plant (Figure 23C), suggesting its deficiency in BR. To confirm
this, different BR-biosynthetic genes were sequenced in the mutant, and among these,
BR6ox, which encodes an enzyme involved in several steps in BR synthesis (Zhao and
Li., 2012) and exists as a single copy in sorghum, was found to have a premature stop
codon in its exon 1 (Figure 24). The biological function of the gene was also confirmed
by complementation of the T2-177 mutant of rice with WT BR6ox gene from sorghum

through Agrobacterium-mediated transformation (Figure 25).

IV.  Analysis of the semi-dwarf auxin-related mutant

In contrast to the severe mutants mentioned above, some mutants in the gamma
ray-induced mutant population had mild reduction in height with no adverse
morphological side-effects, making them good candidates for lodging resistance

breeding purposes. Phenotypic screening of such mutants revealed a line (S09P-2101)
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that had brachytic culm characteristics similar to a previously reported agriculturally
important dw3 mutant of sorghum (Figure 26). This led to the assumption that it could
also be mutated in Dw3. After sequencing the concerned gene of the mutant, a 5-bp
deletion at its first exon was pinpointed (Figure 27). The significance of this mutation is

presented in the discussion.
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Discussion

In this chapter, several height-related mutants isolated during the large-scale
screening were genetically analyzed. Majority of these include gibberellin-related
mutants such as the five mutants with abnormal culm bending (bdwl, 2, 3-1, 3-2, and 4)
and three s/r plants (2 siri-1 and 1 siri-2), while 1 BR-biosynthetic (br6ox/brdl) and 1
auxin-related (dw3-sd3) mutant were also found. Here, their significance for research
and their implications for agriculture are discussed.

Each of the five bdw mutants was confirmed to have a defect in a specific GA-
biosynthetic gene, namely, SbCPSI, SbKS1, SbKOI and ShKAOI (Figure 9)— the
genes involved in the early part of GA biosynthesis— and such mutations were found
not only to induce dwarfism but also culm bending (Figure 7). Curiously, although
previous studies in maize, rice, and Arabidopsis have shown that loss-of-function
mutations in GA-biosynthetic genes result in the suppression of internode elongation
and dwarfism (Fujioka ef al., 1988; Helliwell et al., 1998; Sakamoto et al., 2004), there
was no mention of culm bending or GA being involved in such a phenomenon. In
barley, however, the loss of function of GA3o0x1, which is involved in the last step of
GA biosynthesis, resulted not only in dwarfism but also prostrate growth in the grd2c
mutant (Wolbang et al., 2007). Also in wheat, a strong allele of Rht-BI, Rht-Blc,
induced severe dwarfism that correlated with an increase in tiller angle (Wu et al., 2011).
These indicate that culm bending (prostrate growth) is one of the pleiotropic effects of
GA-related gene mutations and such event appears to be species-dependent. The
conclusion in this study that GA deficiency causes culm bending in sorghum was
derived from three experimental evidences. First, the independent loss-of-function

mutants defective in four different GA-biosynthetic genes were found to have bent
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culms (Figure 7, 9). Second, the bent culm phenotype was reverted by exogenous GA
treatment in a dose-dependent manner (Figure 17). Lastly, uniconazole treatment of WT
mimicked the bending of the mutants also in a dose-dependent manner (Figure 18).
Although the exact molecular mechanism controlling bending in sorghum under
GA deficiency is still unclear, there was a strong indication that the bending in the
bdw3-1 mutants was due to the asymmetric growth of culm internodes (Figure 7D, F),
which could be partially due to the reduced gravitropic response of the mutants as
compared to the WT (Figure 8). A comparable situation was observed in the GA-
deficient barley grd2c mutant (Wolbang ef al., 2007), which showed a slower pulvinar
gravitropic response than the WT, and to a greater extent, to s/n/c, a GA-hypersensitive
mutant. The evidence indicated that gravity-induced auxin asymmetry leads to an
asymmetry of GA distribution, and that GAs play a role in facilitating faster gravitropic
response by inducing rapid cell elongation on the lower side of the pulvini, following an
asymmetric localization of auxin which serves as an initial trigger for bending. Further,
just like the hdw mutants, the barley grd2c mutant was also reported to have a prostrate
growth habit and GA appears to be affecting the gravitropic set-point angle (GSA) of its
lateral shoots (tillers) (Wolbang et al., 2007). Recently, using pea and Arabidopsis, GSA
values were found to be dynamically specified by auxin throughout development by
regulating the magnitude of the anti-gravitropic offset component via TIR1/AFB-
Aux/IAA-ARF-dependent auxin signaling within the gravity-sensing cells of the root
and shoot (Roychoudhry ef al., 2013), suggesting that the bending in the bdw mutants
could also be auxin-related. Our results show that GA deficiency triggers prostrate

growth habit in sorghum in the presence of auxin, which is consistent with the case of
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barley grd2c (Wolbang et al., 2007), strongly indicating that GA also has a crucial role

in controlling the GSA of the culm, at least in these species.

Mutations involving partial GA-deficiency and semi-dominant GA-insensitivity
have long been harnessed in breeding programs to induce the favorable semi-dwarf trait
made famous by the Green Revolution rice (sd/) and wheat (Rht-B1b and Rht-D1b),
respectively (Sasaki et al., 2002; Peng et al., 1999). In such instances, semi-dwarfism
led to increased lodging resistance and high yield. However, the present study strongly
suggests that the use of GA-related genes for sorghum breeding is a big challenge
because of the bending side-effect linked with GA deficiency. Actually, results
presented in Figures 17 and 18 demonstrated that even semi-dwarf sorghum plants show
a potentially destabilizing (e.g. lodging-prone) culm curvature under reduced GA levels.
Our assumptions are also being upheld by the fact that there are still no reports of GA-
related genes used for sorghum semi-dwarf breeding to date.

So far, it is widely known that four major classical dwarfing genes (dwl-dw4)
had been introgressed into elite varieties in the early history of sorghum breeding
(Quinby and Karper, 1954; Hadley, 1957; Quinby, 1974; Smith and Frederiksen, 2000;
Klein et al., 2008). Among these dwarfing genes, only the causal gene of dw3 has been
identified, namely, a gene encoding a phosphoglycoprotein involved in auxin transport
(Multani et al., 2003). Because the locations of dwl, dw2 and dw4 have also been
identified (Brown et al., 2008; Wang et al., 2012; Morris et al., 2013; Thurber et al.,
2013) (Table 4), they were compared against the loci of GA-related genes (Figure 28
and Table 3) and found that the loci of dw2, dw4 and as expected, dw3, do not coincide
with mapped positions of known GA-related genes. On the other hand, dw/ is in close

proximity to a GA2-oxidase-like gene (Figure 28), Sobic.009G230800 (referred to as

53



GA2o0x5 in Table 3), which was previously discussed by two independent groups to be
the possible causal gene of dwl (Wang et al., 2012; Morris et al, 2013). However,
based on the experiments above, it is unlikely that a G420x is behind the phenotype of
dwl because in that case, bending would become inevitable. Since GA2o0x is involved
in GA catabolism, its effect on sorghum should be similar to that of a GA synthesis
inhibitor, uniconazole. To investigate whether dw! is the same as GA420x35, the DNA
sequence and expression level of the gene in a tall (Dwi/Dwl) and dwarf (dwldwl)
isogenic sorghum cultivar carrying gain- and loss-of-function alleles of Dwl,
respectively, were directly compared. As expected, there was no difference in the
genome sequence and expression level of G4A20x5 between the two cultivars (Figure 29).

This result supports the above idea that a GA2ox is unlikely to be the causal gene of dw].

As mentioned earlier, in wheat, the use of a strong allele of RAht-Bl caused
severe dwarfism and bending (Wu et al., 2011), and such traits were further aggravated
by overexpression of a GA-inactivating enzyme, GA20x (Hedden and Phillips, 2000;
Appleford et al., 2007). In contrast, the weak Rht-Bl mutation used in the Green
Revolution only resulted in semi-dwarfism, with no obvious bending (Peng et al., 1999).
On the other hand, the Green Revolution rice and even the severe dwarf rice mutants
carrying null alleles for GA-biosynthetic or signaling genes do not show culm bending
at all (Sasaki et al., 2002; Sakamoto et al., 2004; Ueguchi-Tanaka et al., 2005). These
observations suggest that, because of the exceptionally tight relationship between GA
deficiency-induced dwarfism and bending in sorghum, the use of GA-related mutations
to induce semi-dwarfism, without compromising the straightness and lodging resistance
of the culm, may not be possible. Taken altogether, the results strongly suggest that the

classical dwarfing genes that have been utilized for sorghum breeding in the past may
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not be related to GA. As in the case of dw3 (Multani et al, 2003), the isolation and
characterization of dwl, along with those of dw2 and dw4 will reveal novel
mechanism(s) for semi-dwarfism in sorghum. Once identified, these genes can also be
exploited in rice and other crops as additional or alternative options for lodging

resistance breeding.

Just like the hdw mutants above, the s/r mutants isolated in this study do not
have applicability for agriculture because of their severe morphology. Nevertheless, as
no other sorghum mutants with similar characteristics have been reported to date, they
constitute an important addition to basic science, particularly in the study of SLR-
mediated GA signaling in sorghum. In this case, the mutants had a deletion in ShSLRI
(Figure 21), which exists as a single copy in sorghum, resulting in the loss of function of
the encoded SLR1 or DELLA repressor protein, in turn causing constitutive hyper-
elongation in the mutants. Such situation is also true with rice (Ikeda et al., 2001;
Ueguchi-Tanaka et al., 2005; Ueguchi-Tanaka et al., 2007). Further, both the case of
sorghum and rice indicate the importance of the SAW domain-coding region of SLR/
gene for the repressive function of the DELLA protein against the expression of GA-
regulated downstream genes. This, along with the result of the complementation test,
clearly suggests that the SLR genes of the two species are highly similar in terms of
function. Curiously, however, the shs/r/ mutants showed unexpected crooked or twisted
culm and panicle stalk (Figure 20) not observed in rice, showing that the sorghum culm
has a high tendency to show anomalies not only under GA deficiency (Figure 7) but also
in the extreme opposite condition.

Next, the BR-deficient mutant presented here is the first of its kind in sorghum,

as no similar mutants have been reported yet. In contrast to the hdw mutants, it can
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produce panicles and a few fertile seeds (data not shown), indicating that BR may have
no or little role in panicle formation in sorghum, whereas, it has a major role in
determining plant height, proper leaf morphology and grain number. The mutant was
found to respond to 0.25 ppm (5.22 x 10”7 M) of BL (Figure 23) applied through spray.
However, in contrast to the fast effect of GA on GA-deficient plants, it took two weeks
before any visible effects of BL could be seen, which may be explained by further
experiments. Another important aspect to be checked is the crosstalk or interaction of
BR with other hormones such as GA and auxin in the mutant, which can be done
through the production of double or triple mutants.

Overall, the GA- and BR-related mutants in this study showed a tight
correspondence with reported mutants of rice in terms of phenotype and the type of
gene mutation. This suggests that GA- and BR-related genes in these related species
share the same mechanism in maintaining proper plant morphology, whereas they may
induce pleiotropic effects that are only observed in sorghum.

Lastly, the semi-dwarf mutant with novel dw3 allele (dw3-sd3) is a good
candidate for breeding purposes. As mentioned in Chapter 2, semi-dwarfism is one of
the ideal traits that may need to be incorporated into sweet sorghum to address the
problem of lodging especially in typhoon-prone areas. In rice and wheat, this was made
possible by GA-related mutations (Peng ef al, 1999; Sasaki et al., 2002; Ueguchi-
Tanaka et al., 2007). However, since GA does not seem to be applicable for sorghum as
shown by the results in this study, finding better and realistic alternatives to promote
semi-dwarfism in sorghum should be important. To date, only the classical dwarfing
genes (dwl — dw4) are available for breeding semi-dwarf varieties. Further, the dw3

mutation was unstable due to an 882-bp duplication mutation in exon 5 (two abutting
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arrows in Figure 27) that result in unequal crossing-over during meiosis, resulting in the
appearance of revertants. In 2003 however, Multani ef al. reported the isolation of dw3-
sdl which has multiple mutations in exon 5 but did not have the duplication and thus, a
stable line. This was followed by another stable mutant, dw3-sd2 (Barrero Farfan ef al.,
2012), which has a 6-bp deletion in exon 5. In this study, the dw3 allele isolated also do
not have the duplication (Figure 27), hence, it is the so far, the third stable allele of dw3
(dw3-sd3) that have been isolated. However, this is the only stable line with a sweet
sorghum background, which makes it a promising line for sweet sorghum breeding.

In view of the above results, this study showed the usefulness of gamma ray for
the systematic mutagenesis of sweet sorghum. All the agromorphological and genetic
data obtained here will be uploaded in the form of a database that will serve as a useful

reference for other scientists worldwide who are interested in sorghum.

Summary

In this chapter, I described the genetic characterization of 5 GA-related severe
dwarf mutants (bdwl- bdw4), 3 slender mutants (slr1-1 — 2), 1 BR-related severe dwarf
mutant (br6ox) and 1 auxin-related semi-dwarf mutant (dw3). The 5 GA-deficient
mutants exhibited severe dwarf phenotypes and had unusually bent stems. Each of them,
with the exception of bdw3-I and 2 were independently mutated in specific GA-
biosynthetic genes. The 3 mutants with hyper-elongated (slender) phenotype all showed
a mutation at the SAW domain-coding region of the SASLRI gene. The severe dwarf
BR-related mutant has a base substitution that resulted in a premature stop codon in
exon 1. And lastly, the semi-dwarf mutant was found to have a new stable allele of dw3,

dw3-sd3, which is due to a 5-bp deletion in exon 1.
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Figure 7. Phenotypic analysis of the bdw mutants. (A) The bdw and WT plants at the
seedling stage (30 days after germination, DAS). Bar = 4 cm. (B) Culm structure of WT
(left) and bdw3 (center and right) at the vegetative stage. Bars = 2 cm. Nodes are
indicated by arrowheads. (C) WT and the bent hdw mutants at the vegetative stage (110
DAS). Top view of two-month old bdw3 is shown at the rightmost panel. Bars: 50cm,

WT; 4 cm, mutants. (D) Longitudinal section of bdw3 culm. Roman numerals at the
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right side indicate internode position from bottom to top. Bar = 5 mm. (E-F) The length
and number of cells at the upper and lower sides of the fifth internode in the bent region
shown in panel D. Error bars for cell length represent the standard deviation calculated
from approximately 100 cells. Error bars for cell number represent the standard
deviation calculated from 5 cell files (see Methods). Asterisks indicate significant

differences at 0.1% (P<0.001).
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Figure 8. Gravitropism test of bhdw mutants. (A) The gravitropic response of bdw1 at the
seedling stage. Top, plants at 4 days after germination (DAG) in upright position before
gravistimulation; bottom, 4-DAG plants were rotated 90 degrees and further grown for
4 days after rotation (DAR). The horizontal “1” and vertical “2” arrows indicate the

gravity directions before and after rotation, respectively. Red circles emphasize the
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bending points. (B) The gravitropic response of bdwl (top) and WT (bottom) at the
vegetative stage. Red dashed lines indicate the original direction of main culm before
rotation. White arrows indicate the direction of culm movement. (C) The gravitropic

response of bdw3-1 at the seedling stage. The presentation is the same as in panel A.
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Figure 9. Identification of the causal genes of the hdw mutants. (A) A physical map of
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the candidate region of bdw3. The top line shows the position of markers around the
target region of chromosome 10. The numbers in parentheses indicate the number of
recombinant plants between the markers. The bdw3 mutation locates between Sb5370
and SSR5 5423. (B) Deletion in the bdw3-1 and bdw3-2 genome as detected by PCR
analysis. Presence or absence of PCR products is indicated by blue and red triangles,
respectively, whereas all PCR products were successfully obtained from the WT
genome. Upright and inverted triangles correspond to the bdw3-1 and bdw3-2 genomes,
respectively. Dashed arrows at the top and beneath the triangles show estimated
deletions around the SAKO! gene. The ShKO] structure is shown at the bottom, where
boxes and lines between them indicate exons and introns, respectively. (C) Deletion in
the bdwl genome as detected by PCR analysis. The presentation is the same as in panel
B. (D) One-nucleotide deletion in the SAKST gene of bdw?2. The presentation is the same
as in panel B. (E) Five-nucleotide deletion in SbKAO1 gene of bdw4. The presentation

is the same as in panel B.
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Table 3. Sorghum GA-related genes

Gene Name Gene ID Chromosome Location® Function Mutant line
CPS1 Sobic.001G248600 Chr01: 26790176 - 26800458 GA biosynthesis bawl ©
CPS2 Sobic.005G161200 Chr05: 53944409 - 53957771 unknown NI
KS1 Sobic.006G211500 Chr06: 57013802 - 57019007 GA biosynthesis bdw2°
KS2 Sobic.005G161600 Chr05: 54053377 - 54062189 unknown NI
KS3 Sobic.006G211400 Chr06: 57006141 - 5701073 unknown NI
Ko1 Sobic.010G172700 Chr10: 50476551 - 50482229 GA biosynthesis bdw3-1 & 2°¢
KA01 Sobic.010G007700 Chr10: 616990 - 621030 GA biosynthesis bdw4°
GA200x1 Sobic.001G005300 Chr01: 450531 - 452935 GA biosynthesisb NI
GA200x2 Sobic.003G379500 Chr03: 69354859 - 69357641 GA bicsynthesisb NI
GA200x3 Sobic.002G046500 Chr02: 4373234 - 4374471 GA biosynthesisb NI
GA200x4 Sobic.009G142400 Chr09: 50000656 - 50005651 GA biosynthesisb NI
GA3ox1 Sobic.009G064700 Chr09: 6922298 - 6923624 GA biosynthesis’ NI
GA3ox2 Sobic.003G045900 Chr03: 4213496 - 4215999 GA biosynthesisb NI
GA2o0x1 Sobic.009G053700 Chr09: 5482618 - 5487585 GA inactivation”® NI
GA20x2 Sobic.003G154100 Chr03: 16728989 - 16735073 GA inactivation” NI
GA20x3 Sobic.003G022700 Chr03: 1958597 - 1961993 unknown NI
GA20x4 Sobic.009G077500 Chr09: 10344083 - 10349624 unknown NI
GA2o0x5 Sobic.009G230800 Chr09: 57097196 - 57099683 unknown NI
GA20x6 Sobic.003G300800 Chr03: 63204531 - 63207037 GA inactivation” NI
GA20x7 Sobic.009G196300 Chr09: 54711648 - 5471373 GA inactivation® NI
GA20x8 Sobic.002G003100 Chr02: 414500 - 419024 GA inactivation” NI
GA20x9 Sobic.004G222500 Chr04: 56529459 - 56534168 GA inactivation” NI
GA20x10 Sobic.006G150800 Chr06: 52074760 - 52079902 GA inactivation® NI
GIDI Sobic.009G134600 Chr09: 48980261 - 48983253 GA signal transduction® NI
GID2a Sobic.004G192400 Chr04: 53720307 - 53722135 GA signal transduction® NI
GID2b Sobic.001G470100 Chr01: 67126469 - 67128158 unknown NI
SLRI Sobic.001G120900 Chr01: 9370541 - 9373961 GA signal transduction”  slri-1 & 2°

* Number indicates the position of the gene; b putative function; ° studied in this paper; NI, not isolated
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Figure 10. Estimated principal pathway of GA biosynthesis in sorghum. GA
biosynthesis is carried out by several proteins (CPS, KS, KO, KAO, GA20ox and

GA3ox) at different subcellular locations.
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SbKO1 MMCAIEVDWRDFFPYLSWI PNRSFETRVLTTEARRTTVMOALINQQKIRIARGETRISYLDFLLAEN---TLT DEQLLMLVWEAVIEAADTTLVTTEWAMYEI AKHPEKQEY LYQEIQKV
0sKO02 MMCAVEADWRDYFPYLSWLPNKSFDTIVSTTEFRRDAIMNALI KKQKER IARGEARASYIDFLLEAERSAQLT DDQLMLLLSESI LAAADTVLVTTEWTMYEI AKNPDKQELLYQEIREA
RcKO MEGAIDVDWRDFFPYLRWYPNKSWEMKI QOMHFRRKAVMGALI KEQKKR IALGEEVNCYLDFLSSES---TLT DEQIRMLIWETIVET SDTTMVATEWAI YELAKN PNCODLLYRQIQNV
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Figure 11. Amino acid alignment (A) and phylogenetic tree of KO (B). OsK02, ZmKO,

RcKO, and AtKO/GA3 indicate KO of rice, maize, Ricinus communis, and Arabidopsis,

respectively. There is a single KO-like protein in sorghum and its loss of function

induces bending and severe dwarfism.
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Figure 12. DNA blotting analysis of SbCPSI and SbKO1 using the genome of bdw and

bdw3-1, respectively. (A) Genome structure around ShCPSI. The top line indicates the
positions of the restriction enzymes such as BamHI (B) and EcoRI (EI), and the probe.
The second line represents the structure of SACPSI. The presentation is the same as in
Figure 9B. The third and fourth lines indicate the restriction fragments for BamHI and
EcoRl, respectively, which should be detected by the probe. (B) The result of the DNA
blotting analysis of ShCPS! using the bdw1 genome. The expected restriction fragments
were detected in WT (shown by asterisks at the left) but not in bdwl. (C) Genome
structure around ShKO1. The presentation is the essentially same as in panel A, except
that HindIIl (H) and EcoRV (EV) were used. (D) The result of DNA blotting analysis of

SbKOI using the bdw3-1 genome. The presentation is the same as in panel B.
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ZmCPS1/Anl MPYPHPYPWQS SRRRRRRRGRDGAPRQPQARRVVERAAAGPGHATTTQOPDNVSSAK--—-VFQTSRVETESKLRNGRKP-~----Q
SbCPS1 --MQLLLPAASPPSSPSFPPRVVLKAGPSRISIHGKAGAGAGGGGAGAT GPRGNLRLGGLAGWWRRQQQHPQAPSPAPATTTQQSDNVSSAKGPAVFQTTRVETET EIT KWP GKPQDLDE
0sCPs1 MIHLHSPPTAPAAF! DWRRRRRWSW RAPVAKGGHLRPCVWRRGGDDGGGEDHHADGGGGGGGGAAWRARATTAGVSSSSSTAKGLQAN ITEHET PRI TKWPNE SRDLDDHQ
RcCPS M SLHFLSTASSFSTPNSRPLLSSGGGLFGVKDTRITFDVRPRCSALSNPPTQEYPDVFQR--—-NGVAVIKRREVVEDAI
AtCPS1/GAIl MSLOYHVLNSIPSTTFLSSTKTTISSSFLTISGSPLNVARDKSRSGSIHCSKLRTQEY INSQEVQOHDLPL IHEWQQLOGED
SbCPS2 -MOALAAAAAS PPFVALLSSRRWVARKRHQPLAAAGRA PROQHGNQLLYNEQNARHYTDASS HD
ZmCPS1/Anl DLEDEHQAEEAELQPLIDQOVRAMLRSMNDGDTSASAYDTAWVAMVPKVGGDGGAQPQFPATVRWIVDHOLPDGSWGDSALFSAYDRMINTLACV VALTKW SLE PARCEAGLS FLHENMWR
SbCPS1 YQVIPEQADETELQPLIDQVRAMLRSMNDGDISISAYDTAWVALVPKLDGGGGSQPEFPATVRWIVDHQLPDGSWGDPALFSAYDRMINTLACVVALTKW SLE PEKCKAGLS FLHENMWR
0sCPS1 ONNEADEEADDELQPLVEQVRSMLSSMEDGAITASAY DTAWVALVPRLDGEGG--TQF PAAVRWIVGSQLADGSWGDEALFSAYDRVINTLACVVALTRWSLHHDOCKQGLO FLNLNLWR
RcCPS EEQVTKISVSNEILKRVONVKSMLDSMEDGEISISAYDTAWVALVEDIN--GSGAPQFPSSLOWIANNQLSDGSWGDGD IFTAHDRILNTLACVVALKSWNIHPDKCERGMKYFKENLCK
AtCPS1/GAI1l APQISVGSNSNAFKEAVKSVKTILRNLTDGEITISAYDTAWVALIDAG----DKTPAFPSAVKWIAENQLSDGSWGDAY LFSYHDRLINTLACVVALRSWNLF PHQCNKGIT FFRENIGK
SbCPS2 VRGGRQKDEPRDL PGMIDAIKGTLKIIDEVKVSVSAY DTAWVALVKNQAE GGDG PQF PSS IDW TAQNQLADGSWGDKT FFLIHDRI INTLACI TALKSWNVHDDKYNKGRS FICENLWR
ZmCPS1/Anl LAEEEAESMPIGFEIAFPSLIQTARDLGVVDFPYGHPALQSIYANREVKLKRIPRDMMHRVPTSILHSLEGMPDLDWPRLLNLQSCDGSFLFSPSATAYATMQTGDKKCFEY IDRIVKKE
SbCPS1 LAEEEQESMPIGFEIAFPSLIQTARNLG-VEFPYDHPALQSIYSNREIKLKRIPKDMMHRVPTS ILHSLEGMPDLDWARLLNLQSSDGSFLYSPSATAYALMQTGDKKC FEY IDR IVKKF
0OsCPS1 LAEEEPDTMPIGFEIAFPSLVEAARGLG-IDFPYDHPALKGIYANRELKLKRIPKDMMHIVPTS ILHSLEGMPGLDWQRLLKLOCSDGSFLFSPSATAYALMOTGDKKC FAY IDRIIKKF
RcCPS LEDENAEHMPIGFEVAFPSLLELAKNLD-IEVPEDSPVLKEIYASRNIKLTKIPKDIMHKVPTTLLHSLEGMPGLEWEKLLKLOQCPDGSFLFSPSSTAFALMQTKNENC LAY LNKIVQRF
AtCPS1/GAI1l LEDENDEHMPIGFEVAFPSLLEIARGIN-IDVPYDSPVLKDIYAKKELKLTRIPKEIMHKIPTTLLHSLEGMRDLDWEKLLKLOSQDGSFLFSPSSTAFAFMQTRDSNCLEY LRNAVKRE
SbCPS2 LNEDDEDWMLVGFE ITLLTLLEKAKDLG= HDLPYDEPALQAIYAKRDLKLAK IPKDILYAVPTTLLLSIEGMP SLDWKRLLRLQCADGS FMSSPAPTAYAIMETGDEKC LEFLDRVVKKF
ZmCPS1/Anl NGGVPNVYPVDLFEHIWVVDRLERLGISRYFQREIEQCMDYVNRHWTEDGICWARKSNVKDVDDTAMAFRLLRLHGYNVSPSVFKNFEKDGEFFCFVGQSTQAVTGMYN LNRASQ ISFQG
SbCPS1 DGGVPNVYPVDLFEHIWVVDRLERLGISRYFQREIMQCMDYVNRHWTEDGICWARNSNVKDVDDTAMAFRLLRLHGYNVSPSVFKNFEKDGEFFCFVGQS TQAVTGMYN LNRASQ IAF QG
0sCPS1 DGGVPNVYPVDLFEHIWVVDRLERLGISRYFQREIEQNMDYVNRHWTEDGICWARNSNVKE VDDTAMAFRLLRLHGYNVSPSVFKNFEKDGEFFCFVGQS TQAVTGMYNLNRASQISFPG
RcCPS NGGVPNVYPVDLFEHIWAVDRVQRLGISRYFRKELKECIDYVARYWEEDGICWARNSAVHDIDDTAMGFRLLRLYGHEVSSDVFKHFKKGDTFFCFAGQS TQAVTGMYNLYRASQVLE PG
AtCPS1/GAI1 NGGVPNVFPVDLFEHIWIVDRLORLGISRYFEEEIKECLDYVHRYWTDNGICWARCSHVQDIDDTAMAFRLLRQHGYQVSADVFKNFEKEGEFFCFVGQOSNQAVTGMFNLYRASQLAF PR
SbCPS2 NGGVPFTYPLDIFERLWVVDRLERLGISRYFTGEIL QECLDYVH RQWTREGLGSTRDE‘VLSD IDDTAMGLRLLRLHGYHVNPCVLEHFKKDGEFVCYPMQOSKQSVTAMYN LYRASQVAF PG
ZmCPS1/Anl EDVLHRARVFSYEFLRQREEQG-MIRDKWIVAKDLPGEVQYTLDFPWYASLPRVEART YLDQYGGKDDVWIGKTLYRMPLVNNDTYLELAIRDFNHCQALHQLECNGLQTWY KDNCLDAF
SbCPS1 EDVLHRARIFSYEFLROQREAQG-MLRDKWIIAKDLAGEVQYTLDFPWYASLPRVEARTYLDQYGGKDDVWIGKTLY RMPLVNNDI YLDLAIMDFNRCQAVHQOLECNELQMWY IENCLDTF
0OsCPS1 EDILQRARNFSYEFLREREAQG-TLHDKWIISKDLPGEVQYTLDFPWYASLPRVEARTYIGQYGGNDDVWIGKTLYRMP IVNNAT YLELAKQDFNRCOAL HOHELQGLQKWE IENGLEAF
RcCPS EKVLEEAKEYSSSFLKEKQEAN-EVLDKWIITKDLPGEVKYALDIPWYASLPRVESRFYLEQYGGEDDVWIGKTLY RMPYVNNNEYLDLAKLDY NNCOAL HRKEWDNFQKWY EECELGNF
AtCPS1/GAIl EEILKNAKEFSYNYLLEKRERE-ELIDKWIIMKDLPGEIGFALEIPWYASLPRVETRFYIDQYGGENDVWIGKTLYRMPYVNNNGYLELAKQDYNNCQAQHQLEWD IFQKWY EENRLS EW
SbCPS2 EKILEQASAYCRSFLDERRASGRLUQD IAKDLPGEVGYSLDFPWTASLPRVETRTYLEQYGGSHDVWIGKVLYRMPLFSNDVFLEAAKQDFRNFQRLCKLEWHALAKWYHSSNLESY
ZmCPS1/Anl GVEPQDVLRSYFLAAACIFEPSRAAERLAWARTSMIANAISTHLRDISEDKKRLECEVHCLYEEND--VSWLKRN-——-—— PNDVILERALRRLINLIAQEALPIHEGQ-RFIHSLLSLA
SbCPS1 GVQPODVLRAYFLAASCIYEPSRAAERLAWARTSMIANAISTHLND ISADKKRLECFVHCLYEE SD--VSWLKIN-——-—- PNDAILERALRRLINLLTQEALPIHEGQ-RFIHSLLSLA
0OsCPS1 GMTPEDVLRAYFLAAACIFEPNRASERLAWARVSVLANTISRHFYSDMS SMKRMERFMWSSLYEENGNVLGLEGY - —==~~- AKDGILARTLCQLIDLLSQETPPVREGQ-KCIHNLIRCA
ReCPS GVSRRELLLAYFVAAASIFEPERSKERLAWAKTTTLLHTIESY FDASNSTYEQRTAFVHEFKN-GVASIPHLNARKLEVKTN—--—- EELVRIAIGILNDVSLDTLLAHGKDISHDLRHA
AtCPS1/GAI1l GVRRSELLECYYLAAATIFESERSHERMVWAKSSVLVKAISSSFGESSDSRRSFSDQFHEY IANARRSDHHFNDRNMRLDRPGSVQASRLAGVLIGT LNQMSFDLFMSHGRDVNNLLY LS
SbCPS2 GVARGSALRAYFLAAANVFEPSQADERLAWARTAMLADAVSGYLLQCDACTATESRREGLISRLER ——————————————————— NGDQVEGPMTETDKVLLRAIRELI DLDASHGLREV
ZmCPS1/Anl WTEWMLQKANKEENKYHKCSGIEP-QYMVHDRQTYLLLVQVIEICAGRIGEAVSMINNKDNDWFIQLTCATCDSLNHRMLLSQDTMKNEAR INWIEKEIELNMOELAQS LLLRCDEKT SN
SbCPs1l WTEWMLOKANKEENKYHKSSGIKP-QYMIHDTQTYLLLVQVIEICAGRISEAISVINNKDSDWE IQLTCNTCDGLNHKVLLSQDAEKNEAT INCIDKEIELNMOELAQS LLLRSDEKT TN
0OsCPS1 WIEWMMQOQINMKDGRY DKGRVMHPGSCTVHNKETCLLIAQIVEICAGRIEEAASMINNTEGSWFIQLASSICDSLHAKMLLSQDTKKNETT INQIDKEIELGMQELAQY LLPRVDDRR IN
RcCPS WEKWLLKWAEGGEIHQGTGE ~LLVKTITLTAGGST PDHHKYAQLFQLTDKLCY QLAHYRKNKVQGNKKSTT PEIESDMOQLVQLATI QNS SDE ID
AtCPS1/GAI1l WGDWMEKWKLYG--DEGEGE —~LMVKMIILMKNNDLTNFFTHTHFVRLAEI INRICLPRQYLKARRNDEKEKTIK SMEKEMGKMVELALSESDTF
SbCPS2 WVQWLRSWSHDPVAVGGNTALLLVRAMECCSG-=—==—=====—= RYISVADRNVNHLDEY SQLEQLTHS ICCKLT SRV LAQNGE DNNKEAADS SLDQOAVELEMQELARCVLQSCKS ID
ZmCPS1/Anl KKTKKTLWDVLRSLYYATHSPQHMIDRHVSRVIFEPV—
SbCPS1 KKTKQTLWDVLRSSYYVTHCPQHITDRHVSRVIFEPV~
0OsCPS1 NKTKQTFLSIVKSCYYAANCSPHMLDQHISEVIFEQVI
RcCPS SEIKQTFFMVAKSFYYQAISDPGTLNYHIARVLFERVY
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Figure 13. Amino acid alignment (A) and phylogenetic tree of CPS (B). RcCPS,

AtCPS1/GA1, OsCPS1 and ZmCPS1/Anl indicate CPS of Ricinus communis,

Arabidopsis, rice and maize, respectively. There are two CPS-like proteins (SbCPS1 and

2) in sorghum, but loss of function of SbCPS1 induced severe dwarfism, indicating that

SbCPS1 should dominantly function for GA biosynthesis.



A

ZHCESL AN —m—mmmm—mmcresmmm—sms e MPYPHPYPWQS SRRRRRRRGRDGAPRQPQARRVVERAAAGPGHATTTQQPDNVSSAK---VFQTSRVETESKLRNGRKP---~-~ Q
SbCPS1 --MQLLLPAASPPSSPSFPPRVVLKAGPSRISIHGKAGAGAGGGGAGAT GPRGNLRLGGLAGWWRRQQQHPQAPSPAPATTTQQS DNVSSAKGPAVFQTTRVETETEITKWPGKPQDLDE
OsCPS1 MIHLHSPPTAPAAFGGAGSADWRRRRRWSWS SSSRAPVAKGGH LRPCVWRRGGDDGGGEDHHADGGGGGGGGAAWRARATTAGVS SSSSTAKGLQAN ITEHET PRITKWPNE SRDLDDHQ
RcCPS MSSQSLHFLSTASSFSTPNSRPLLSSGGGLFGVKDTRITFDVRPRCSALSNPPTQEYPDVFQR---NGVAVIKRREVVEDAT

AtCPS1/GAIl -
SbCPS2

~MSLQYHVLNSIPSTTFLSSTKTTISSSFLTISGS PLNVARDKSRSGSIHCSKLRTQEY INSQEVQHDLPLTIHEWQQLQGED
————————— MQALAAAAASPPFVALLSSRRWVARKRHQPLAAAGRAPRQQHGNQLLYNEQNARHYTDASSHD

ZmCPS1/Anl DLEDEHQAEEAELQPLIDQVRAMLRSMNDGDTSASAYDTAWVAMVPKVGGDGGAQPQFPATVRWIVDHQLPDGSWGDSALFSAYDRMINTLACVVALTKWSLE PARCEAGLS FLHENMWR

SbCPS1 YQVIPEQADETELQPLIDQVRAMLRSMNDGDISISAYDTAWVALVPKLDGGGGSQPEFPATVRWIVDHQLPDGSWGDPALFSAYDRMINTLACVVALTKWSLE PEKCKAGLS FLHENMWR
0sCPS1 QNNEADEEADDELQPLVEQVRSMLS SMEDGAITASAY DTAWVALVPRLDGEGG--TQFPAAVRWIVGSQLADGSWGDEALFSAYDRVINTLACVVALTRWSLHHDQCKQGLQFLNLNLWR
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Figure 14. Amino acid alignment (A) and phylogenetic tree of KS (B). ZmKS, OsKS1,
RcKS, and AtKS/GA?2 indicate KS of maize, rice, Ricinus communis, and Arabidopsis,
respectively. There are three KS-like proteins (SbKS1-3) in sorghum, and the loss of
function of SbKSI1 induced severe dwarfism, indicating that it should dominantly
function for GA biosynthesis.
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Figure 15. Amino acid alignment (A) and phylogenetic tree of KAO (B). AtKAO,
RcKAO, OsKAO1 and ZmKAO indicate KAO of Arabidopsis, Ricinus communis, rice
and maize, respectively. There is a single KAO-like protein in sorghum and its loss of

function induces severe dwarfism.
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Figure 16. Introduction of sorghum GA biosynthetic genes rescued the corresponding
mutants of rice, oscpsi-1, osksl-1, osko2-1, and oskao-1. Scale bar = 4 cm. Plants at the
left and right in each set were transformed with the complementary WT genes from

sorghum and the vector control, respectively.
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Figure 17. Dose-dependent recovery of the mutant phenotypes by exogenous GA
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treatment. (A) The bdw3-1 plants grown in different concentrations of GA; for four
months. Bar = 10 cm. (B) Dose-dependent recovery of plant height. (C) Dose-dependent
recovery of the bending culm phenotype, which was determined by measuring the angle
between the main culm and the vertical axis. Error bars represent the standard deviation
calculated from 3 replicates. Single (*) and double asterisks (**) indicate significant
difference with the mock (0 M GAj) at 0.5% (P<0.005) and 0.1% (P<0.001) levels of

significance, respectively, as determined by t-test.
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Figure 18. Effect of uniconazole on the plant height and culm bending of WT plants.
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(A) Gross morphology of the uniconazole-treated plants. The plants at the left, center,
and right were treated with 0, 3 x 10® and 1 x 10” M uniconazole, respectively. Bar =
50 cm. Dose-dependent inhibition of plant height (B) and induction of culm bending (C)
in WT plants. Error bars represent the standard deviation calculated from 5 replicates.
Single (*) and double asterisks (**) indicate significant difference between the mock
and 3 x 10® and 1 x 10 M uniconazole at 5% (P<0.05) and 1% (P<0.01) levels of

significance, respectively, as determined by t-test.
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Figure 19. The gross morphology of the s/r/ mutants at the seedling stage. Bar =5 cm.
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509P-2030

Figure 20. Some abnormal culm twisting anomalies observed in siri-1 (S09P-2030).
(A) The mutant at the seedling stage. (B) The mutant at the heading stage. The white
arrowhead points at the twisted panicle (C) The enlarged picture of the panicle in B.

Red arrowheads point at the twisted culms. Scale bars =5 cm.
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Figure 21. Mutation of SASLRI in the slender mutants. (A) The gene structure of

ShSLR1, where gray and black shades indicate UTRs and exon, respectively. White

boxes underneath the exon indicate the protein domain that they code for. The loss of

function of the gene is due to a 2-base pair deletion at the SAW domain-coding region

of the gene. (B) Phylogenetic analysis of SbSLR1. A single copy of the protein exists in

sorghum.
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Figure 22. Height reduction in T65 transformed with the WT SLRI gene from sorghum.
Scale bar = 15 cm. Expression of the introduced ShSLRI was verified by RT-PCR using

rice Ubiquitin gene (OsUBQ) as control.
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Figure 23. Morphological characteristics of SO9N-1794 (sbbr6ox). (A) The mutant at

the seedling stage. Scale bar =2 cm. (B) Abnormal skotomorphogenesis in the mutant
after being germinated in the dark. Scale bar =2 cm. (C) BL treatment for three weeks

considerably increased the plant height of the mutant.
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Figure 24. Mutation of ShBR60ox in the mutant SOON-1794. (A) Gene structure of the
SbBR6ox gene. The presentation is the same as in Figure 9B except for the UTRs shown
in gray. A base substitution in the exon 1 of the gene resulted in a premature stop codon.

(B) Phylogenetic tree of SbBR60x. A single copy of the protein exists in sorghum.
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Figure 25. Introduction of sorghum BR6ox rescued the severe dwarf phenotype of rice
T2-177. Plant on the left was transformed with the WT BR6ox gene from sorghum while

the other one was transformed with the empty vector. Scale bar = 4 cm.
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WT S09P-2101
Figure 26. Gross morphology of the semi-dwarf dw3-sd3 mutant line (S09P-2101).

Black bar =1 m.
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SbDW3 (Sobic.007G163800)

1kb

WT GGCGCCAATGACAACAAGAMGCCCOACCCCGCCCGCCGOGETG
G ANDNIKEKTPITPPAAL

shdw3 GGCGCCAATGACAACAAGA-———- ACCCCGCCCRCCGCGETE
G ANDNIEKN P ARRAA

Figure 27. Mutation of ShDw3 in the mutant SO9P-2101. The presentation is the same as
in Figure 24. Red box and letters indicate the 5-bp deletion in the exon 1 of the gene.
Two abutting arrows above the gene indicate the duplication in the classical dw3

mutation used in many sorghum semi-dwarf varieties.
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Table 4. Previous researches regarding sorghum dwarfing genes

Author QTL Name Chromosome Location Candidate Gene Description
o _ ~ &
Morris et al . (2012) Dwl/Shb-HT9.1  Chr 9 (~57.2 Mb) GA20x5 Top association peak is 29 kb froma GA20x5
Dw2 Chr 6 (39.7-42.6 Mb) histone deacetylase (Sobic.006G067600 )
Dw3 Chr 7 (~58.6 Mb) SbPGPI Top association peak is 114 kb from dw3 locus
Dw4 Chr 6 (~6.6 Mb) unknown
Thurber et al. (2012) Dwl Chr 9 (57.4-57.6 Mb)* unknown
Dw?2 Chr 6 (~40.3 Mb) unknown Dw?2 locus is several Mb away from tightly linked
Mal at40.3 Mb
Dw3 Chr 7 (58.2-58.7 Mb) SbPGPI
Wanget al. (2012) 23-1062 Chr 2 (~65.5 Mb) Ugt (UDP-glycosyltransferase/indole-3-  The marker 23-1062 was 385 kb from Ugt
acetate beta-glucosyltransferase )
37-1740 Chr 6 (~9.8Mb) unknown
40-1897 Chr 6 (~61.1Mb) Floricaula/leafy-like 2 or FtsZ The marker 40-1897 was 0.44 cM from F¢z and
4.89 cM from Floricaula/leafy-like 2
44-2080 Chr 9 (~57.2Mb)* GA20x5 The marker 44-2080 was 47 kb from GA20x5
Brown et al . (2008) Sb-HT9.1 Chr 9 (57.14-57.21 Mb)* unknown

* Analyzed in this study
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Figure 28. Comparison between the map positions of previously reported dwarfing QTL

genes and the GA-related genes of sorghum. The chromosomes carrying the dwarfing

QTL genes previously reported are presented. Ovals and circles at the right side of each

chromosome indicate the positions of respective previously reported dwarfing QTLs

(red rectangles), where green, yellow, red and black shades represent the mapping work

of Morris et al. (2013), Thurber et al. (2013), Wang ef al. (2012) and Brown et al.

(2008), respectively. The positions of GA-related genes are presented at the left side of

each chromosome with their corresponding names as presented in Table 3.
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Table 5. Primers used to analyze the identified genes in this study

Name Sequence Hormone relation Remarks*
CPIF TGCCTAATGGACAGTGGCACCACT GA

CPIR CTCATCATCCTATGCCAGGGTGACCAAG GA

CP2F ACCCTGATGCGA CCATCTCGGGA GA

CP2R GGTTCCAGTCCGTGCGCGTTT GA

CP3F GGA TCA AGGGCGGCCAACAGA GA DNA blotting probe
CP3R TGGAGTCGGACATCCCCCCACA GA DNA blotting probe
CP4F CTGTAGTGCTAGGAGATGCTTTGTGC GA Used for sequencing
CP4R GATGGACACGGCCAACAA GA Used for sequencing
CPSF ACACTCAGAGATGCTGTGCT GA Used for sequencing
CP5R AACCGTAAGCAACCCCCTCAT GA Used for sequencing
CP6F GCTTACGGTTTTATGCAGGTCG GA Used for sequencing
CP6R CGAATCGGTGITCGGTTCGG GA Used for sequencing
CP7F GITCGGATCGAGCGAAGTC GA Used for sequencing
CP7R GI'CTGGA ACACTGCAGGTC GA Used for sequencing
CP8F CAGITTCAGGTCAGCCCAAT GA Used for sequencing
CP8R GATCATACGGAAACTCAACACCCA GA Used for sequencing
CP9F AGCAGGAGTCGATGCCCAT GA Used for sequencing
CP9R CATCATAAGGTTCGGTGCTCACT GA Used for sequencing
CP10F AGACTCGGGATCTCCCGCTA GA Used for sequencing
CPI0R TCGCCAGCTAGATCCTTCGC GA Used for sequencing
CP11F ACTCAAGCCGICACTGGG GA Used for sequencing
CP1IR GITCTAGCCCATGCAAGCCG GA Used for sequencing
CPI12F GCATTTATGAACCTAGCCGTGCTG GA Used for sequencing
CPI2R TGGCAATGCTTCTTGCGTCA GA Used for sequencing
CPI3F CTCGA GAGGGCACTTCGA GA Used for sequencing
CPI3R TGGGA CAGTAACACCTTGTGGT GA Used for sequencing
CP14F GTGATGGTCTTAACCACAAGGT GA Used for sequencing
CP14R CTCATCAGACCTCAGGAGCA GA Used for sequencing
CP15F CCATGCGCAGGATGCTGAG GA Used for sequencing
CPI5R CATCAAGTGCATCATGGTGGT GA Used for sequencing
CP16F AGCAAGGTCATCTAAGCCCTAGCGCACT GA

CPI6R ACACGCCCATGGCACAAAGGTTGGCTCT GA

CP17F CCAACTCAGACATCAGGTTAGGCAGCTT GA

CP17R CGCTCGATGTGCTTGGTCGCTCA GA

CP18F CGCCATGGATGGATTGCAGTGGTT GA

CPI8R AGCACCTGGACCCACCAAGGT GA

CP19F GA GGA GGAGGTGTACTCTCTGGCG GA

CPI9R TGCCTCTACCTTGGCACAGGCAT GA

CP20F CGAGCTCGGATTCTCTTACGGAAGATT GA Used for cloning
CP20R CGAGCTCATTGCATGCTTCCACTACCG GA Used for cloning
KSIF CAAAGCCACATACATCGGCA GA Used for sequencing
KSIR CGGCCATAACGITGGGCAT GA Used for sequencing
KS2F TCTTCAGGGCGCCAAGTC GA Used for sequencing
KS2R CTTCAACGCAAGAACACATGCCAAC GA Used for sequencing
KS3F AGCCTGGGTTTCTATGGTGCC GA Used for sequencing
KS3R ACAAATCAGGAGCACCCCTTT GA Used for sequencing
KS4F AAGACAAACTGATGTCTGTGGG GA Used for sequencing
KS4R CCATTCATCCTCAAAAGGCGA GA Used for sequencing
KSSF TTCAGGTGGGTTGCCGTA GA Used for sequencing
KS5R GCATCAGAGGACCCCAAGCA GA Used for sequencing
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Table 5. (continuation)

Name Sequence Hormone relation Remarks*
KS6F AGGATTCTGGTCTGGCAACT GA Used for sequencing
KS6R GCCCATGAAATGCGAGCG GA Used for sequencing
KS7F GTTTACCAGGATGAACTTCGGCAT GA Used for sequencing
KS7R CGAAATACAATGCTGGGAGCACAA GA Used for sequencing
KS8F CTTGGAACACATTTGCAGIGGCTG GA Used for sequencing
KS8R GGACTGTGAGTGGCTCGTT GA Used for sequencing
KS9F GAAAGCGTTGITCCTAGGCCAT GA Used for sequencing
KS9R GAAGGAGAACTGGAGCATCTG GA Used for sequencing
KSI0F CGCGGATCCCTCGAGTGAGACACAGATTTAGCGTT GA Used for cloning
KSI0R CGGGGTA CCGGGA CCAGATTTTTGCA GGA TGTGGCA GA Used for cloning
KOIF ACGTCCAATGGGCTTCAGCTGTTGGA GA

KOIR TGGTAAGTGGATTCGTGAGCACTCGCT GA

KO2F TGTGCACATAAGITAGCTCGC GA

KO2R ATTTCTCGGGTGGATCGTGA GA

KO3F CATGACCTTCACGATCCACCCGAGAAA GA

KO3R CTCCGTCACATCGA ATCTTGCGGCA GA

KO4F CCTAAGCACGTCAAAGGCTCAATCG GA

KO4R ACTGGTGGAAGTTCAAGTGCGA GA

KO5F AGCAACCACGAACCCGACGTCCT GA

KO35R GCCAGAACTGTTAGCAAGAGCATTCCGG GA

KO6F TGGCCATCAGGTATGCGGCCGATTA GA

KO6R GCAGAGCTCACCATGCATGTGGTG GA

KOT7F GTTTTCCTATTATGGCCCTGCTGGTTGC GA

KO7R GTGGTAGTGGA GGTCGGTGGTTCG GA

KO8F CCATAGTTGGACTCGTCACCGCCAA GA

KO8R AGGCCTTTAGAATTAGTAGGAGGCAGCACAC GA

KO9F CATTGTTCCAGCCACGTTCG GA

KO9R CGTCCGAGGCAAGTTTCAGA GA

KO10F CACGTGCACATGTTGGTTTAC GA

KOIOR GCGTCCGGTGATTCTCAGT GA

KO1IF GTGGGTGGA AGCTCCACCACTCCT GA

KO1IR GGCATCGAAACCAGGTACGCATCACT GA

KOI12F TATGAGATTGCGAAGCACCC GA Used for sequencing
KOI2R CAAGTTCGTGTCCAAGTCCT GA Used for sequencing
KOI13F GATATCCTAGAGCTCGTGGT GA Used for sequencing
KOI3R ACTGTICTTAT TGCCGCACAC GA Used for sequencing
KOI14F GIGACTATGGTGACTTCCAC GA Used for sequencing
KO14R CACCTAAAGC CTGGAATTGC GA Used for sequencing
KOI15F TAGGCTATCT GGACTCACCA GA Used for sequencing
KOI15R CGTGGTTGAC ACTGAAGAAC GA Used for sequencing
KO16F CCTATGAGTA CCTCCGAAGA GA Used for sequencing
KOI6R GI'CATCTGCT ACCCGAACTT GA Used for sequencing
KOI17F GCCATCTGTA AGTGGGACAA GA Used for sequencing
KOI7R TCGGTAGTGG TCCAGTATAC GA Used for sequencing
KO18F GGGAGTCATCTTCTTGGGCACGACCTC GA

KO18R AGCAGGA GCTAGGGCAGCCAACAG GA

KO19F CAACACTCCTATCCACCCACAGCACAT GA

KOI9R CTGCTGTGCTTGGGA TGGTGGGCT GA

KO20F GCCAATCCAAGCTAACATGCTGAG GA DNA blotting probe
KO20R ACGTTGGGCAGCATGCGT GA DNA blotting probe
KO21F GCTCTAGATTGTGCAGATTCAGATCAAC GA Used for cloning
KO21R GCTCTAGAAATGCTTGAGTAGAATTCAG GA Used for cloning
KAOIF CGCTTGCGTGTGCATAATAC GA Used for sequencing
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Table 5. (continuation)

Name Sequence Hormone relation Remarks*
KAOIR CACACTTGACAGTAACAGGG GA Used for sequencing
KAO2F GCCTCTGATCTTGATCAGTC GA Used for sequencing
KAO2R TTCTCCTGCA GGA ACACGGT GA Used for sequencing
KAO3F ATGATGGA CCGGCTGATCGA GA Used for sequencing
KAO3R TTGAACTTGGTGGGGTCAGG GA Used for sequencing
KAO4F CAACATCTCCTTCGICTCCT GA Used for sequencing
KAO4R CAGAGCATGCCATGITGGAG GA Used for sequencing
KAOSF CGGGATCCTGATTGCCCGCAACACCCGA GA Used for cloning
KAOS5R GGGAAGCTTTCAGGCCAAACGCTACATGT GA Used for cloning
SbSLRIF1 TAGCAACCGCAGTACACATCGGC GA Used for sequencing
SbSLRIRI1 TGGGCTCCAATGCCTACAAGC GA Used for sequencing
SbSLR1F2 CCATGCCGA GGTGGCGATGA GA Used for sequencing
SbSLRIR2 TCACCGCGAACCAGGCAATC GA Used for sequencing
SbSLR1F3b CGAGGATTGCCTGGTTCGCGGT GA Used for sequencing
SbSLRIR3b CAGCAGCACCTACGCCCTGAAG GA Used for sequencing
SbSLR1F4 GGCTTCAGGGCGTAGGTGCT GA Used for sequencing
SbSLRIR4 CCGTCCATCGATCCAACGCTGTGCG GA Used for sequencing
SLR1 Kpnl F GGGGTACCTCATGTTCAATGGTTCAACG GA Used for cloning
SLR1_Kpnl R GGGGTACCTCCAATCCGAGGAGTACATG GA Used for cloning
SOL60X1_5 CCTCCTCCTGCTCCAAGCAC BR Used for sequencing
SOL60X1 3 GGGA CGGCGA GCGGA ATGCGG BR Used for sequencing
SOL60X2_5 GAAGCTGATGGATGGTACC BR Used for sequencing
SOL60X2 3 CAACTGCTGTGCATCTG BR Used for sequencing
SOL60X3_5 CTTCCATAGCGTAGCATGGC BR Used for sequencing
SOL60X3b_5 CACTTGGCTGGGTGCTG BR Used for sequencing
SOL60X3_3 GGGCTCAGTTCAGCTCGAC BR Used for sequencing
SOL60X4b_5 GAGCCCTCTAACAGCAGCAG BR Used for sequencing
SOL60X4_3 GGGATTGAACTTGGTAGCG BR Used for sequencing
SOL60X5_5 CGCTACCAAGTTCAATCCC BR Used for sequencing
SOL60X5_3 CTGGGTGTATCATCTCCAAC BR Used for sequencing
SOL60X6_5 GTTGGAGATGATACACCCAG BR Used for sequencing
SOL60X6_3 GGATCCTGTAGGATTCTC BR Used for sequencing
SOL60X7_5 GAGAATCCTACAGGATCC BR Used for sequencing
SOL60X7_3 CTGAGATGTTTGCTTGTTC BR Used for sequencing
SOL60X8b_5 GACAATAGGAGACGAACCTC BR Used for sequencing
SOL60X8 3 GAGGCCAGCAGCATCAGCATC BR Used for sequencing
SB60X_F8c CGGAACCGATGGTITTTCAAC BR Used for sequencing
60X_BGLII_Fb  GAAGATCTGCCTATGAACACAAAGTATC BR Used for cloning
60X_BGLII Rb  GAAGATCTATTCAACGGGCTCATGAAGC BR Used for cloning
SBDW3_F4c GA A AGTGGCCTTACACCGGTCCTCA GCGA Auxin Used for sequencing
SBDW3_ R4d CGTACCAGA GCA GGA GGCCGTAGCA Auxin Used for sequencing
DW3F10c ATCACGGGGCTCTTCGAG Auxin Used for sequencing
DW3R10c GAGTGCGACCCTTGCTCCA Auxin Used for sequencing
DW3Fl11b CGGTGGCTCTTCGAGGCCAA Auxin Used for sequencing
DW3Rllc CTTGTTGCGATCATGGAGTACCA Auxin Used for sequencing

" Primers successfully used for DNA sequencing, DNA blotting analysis and gene cloning are indicated.
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Regulation of symmetrical cell growth in the culm is important for proper culm development. So far, the
involvement of gibberellin (GA) in this process has not yet been demonstrated in sorghum. Here, we show
that GA deficiency resulting from any loss-of-function mutation in four genes (SbCPS1, SbKS1, SbKOI,
SbKAOI) involved in the early steps of GA biosynthesis, not only results in severe dwarfism but also in
abnormal culm bending. Histological analysis of the bent culm revealed that the intrinsic bending was due to
an uneven cell proliferation between the lower and upper sides of culm internodes. GA treatment alleviated
the bending and dwarfism in mutants, whereas the GA biosynthesis inhibitor, uniconazole, induced such
phenotypes in wild-type plants— both in a concentration-dependent manner, indicating an important role
of GA in controlling erectness of the sorghum culm. Finally, we propose that because of the tight
relationship between GA deficiency-induced dwarfism and culm bending in sorghum, GA-related
mutations have unlikely been selected in the history of sorghum breeding, as could be inferred from
previous QTL and association studies on sorghum plant height that did not pinpoint GA-related genes.

warfism in plants is brought about by an irregularity in one or more of the various growth-related
mechanisms, and may involve physical defects in some cellular growth processes, or problems in the
production and action of phytohormones. So far, aberrant cellular division or elongation has already been
reported to cause dwarfism in some mutants such as the rice d6', bent uppermost internode 1 (buil)?, jmj703* and
dwarf and gladius leaf (dgl-1)*, and the Arabidopsis luel’. However, the relationship between dwarfism and
phytohormones has been more widely studied using various kinds of plant species. In the case of auxin, some
of the reported dwarf mutants include the maize brachytic 2 (br2)®” and the sorghum dwarf 3 (dw3)° which both
have semi-dwarfism due to a defect in auxin transport; the rice small organ 1 (smosl), which has a defective
transcription factor that disrupts auxin signaling®, and the auxin-deficient tddI°; and the Arabidopsis sax1 which
shows high sensitivity to auxin'’, and budI which has a defect in auxin metabolism''. Another growth-promoting
hormone is brassinosteroid (BR). Mutants that have a defect in BR biosynthesis and signalling show severe dwarf
phenotypes as in the case of the Arabidopsis BR-deficient de-etiolated 2 (det2)'> and seuss-1 (seu-1)", and the
brassinosteroid-insensitive bril'*; the rice BR signalling mutants, d61-4'* and erect leaf 1 (elfl-1)'°, and the BR-
deficient ebisu dwarf (d2)"; and the tomato br6ox (BR biosynthesis) mutant “Micro-Tom”, a commercial
cultivar'®. BR-related mutations can also give rise to semi-dwarfism, and among them, a barley mutant, uzu,
was used for producing a lodging-resistant variety'’. Recently, strigolactones (SLs), a group of newly identified
plant hormones that control plant shoot branching, have also been implicated for dwarfism in high-tillering
dwarf mutants as in the case of the SL-deficient d10 and the SL-insensitive d53 and d14 mutants of rice®>*".
Among the phytohormones, gibberellin (GA) is the most well known to be involved in controlling stem
elongation, and a deficiency or insensitivity to GA could easily result in severe dwarfism as reported in many
different kinds of plant species such as the rice mutants independently mutated in any of the six GA biosynthetic
enzymes, ent-copalyl diphosphate synthase (CPS), ent-kaurene synthase (KS), ent-kaurene oxidase (KO), ent-
kaurenoic acid oxidase (KAO), GA 20 oxidase (GA200x), and GA 3-oxidase (GA30x)*’; the pea GA-deficient na-
17 the Arabidopsis GA-insensitive short internodes (shi)** and ga-insensitive (gai)*®, and the GA-deficient gal - 3
mutants®®; the barley GA-deficient grd2c mutant®, and the potato andigena (adg) mutant®®. Across different
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species, GA-related mutants with severe dwarfism show several con-
sensus phenotypes such as small dark-green leaves, delayed germina-
tion, defective flowering, reduced seed production and male
sterility>****, whereas, semi-dwarf mutants only show mild height
reduction with no adverse effects on overall morphology or agro-
nomical traits. This is the reason why GA-related mutants with semi-
dwarfism were widely used in the history of crop production.
Actually, the rice semi-dwarfl (sd1) and wheat Reduced height-1
(Rht-1) mutants became the highlights of the Green Revolution,
which avoided the imminent food shortage of the mid-20" century*.
Later on, the SDI gene was characterized as a GA 20-oxidase®*¥,
which catalyses the penultimate step of GA biosynthesis, while
Rht-1 gene was found to encode a constitutively active repressor of
GA signaling®. Further, another GA-deficient mutant defective in
KO, Tan-ginbozu/d35, also contributed to rice crop productivity due
to its lodging resistance®.

In contrast to the other plant species above, there are still no other
reports of dwarfing mechanisms (including those relating to GA) in
sorghum aside from the auxin-related dw3 mutant mentioned earl-
ier. Until now, even the underlying mechanisms behind the major
dwarfing QTL genes (dwl, dw2 and dw4) used in the history of
sorghum breeding have remained unknown***. Aside from these
classical dwarfing genes, increasing the number of available dwarfing
mechanisms for sorghum should be important not only for breeding
but also for basic research. Thus, in this study, we mutagenized sweet
sorghum to create a mutant library, and searched it for plants with
varying degrees of dwarfism. In the process, we found five severe
dwarf mutants showing identical unusually bent culms which have
never been reported in sorghum. We hereby attempted to isolate and
analyse these mutants namely, bending dwarf 1 (bdwl), bdw2, bdw3-
1, bdw3-2 and bdw4. We found that the mutants were mutated in
four GA biosynthetic genes encoding enzymes catalysing the earlier
steps of GA biosynthesis (Supplementary Fig. S1), and that their loss
of function directly promotes culm bending. Thus, we reveal for the
first time that GA-deficiency can pleiotropically induce culm bend-
ing or prostrate growth in sorghum. We also hypothesize that this
could possibly be related to why GA-related mutations have not been
utilized for sorghum breeding, unlike the case of rice and wheat.

Results

The bdw mutants show an abnormal bent culm. In order to
increase the diversity of sorghum dwarf mutants and to further our
knowledge of sorghum dwarfing mechanisms, we produced a mutant
library through gamma-ray irradiation. During the process of
screening for dwarf phenotypes, we isolated several unusual dwarf
mutants, which developed bent culms. Succeeding analyses revealed
that they were mutated in four different loci, thus we named them as
bending dwarf (bdw)1 - bdw4, with bdw3 having two different alleles
(bdw3-1 and -2). At the seedling stage, the bending culm phenotype
was not evident in the mutants (Fig. 1a) but severe inhibition of
internode elongation was observed (Fig. 1b). At about three and a
half months after sowing, the bent culm phenotype was clearly
observed (Fig. 1c). The mutants bent in a prostrate manner with
leaves extending from the sides of the culm (rightmost in Fig. 1c).

In order to study the underlying reason for the bending, we carried
out a histological analysis of the bdw3-1 culm (Fig. 1d). The cell
length at the upper side of the bent region was significantly shorter
than that of the lower side (Fig. 1d, e), suggesting that there is a faster
rate of cell proliferation at the upper side. Actually, the cell number at
the upper side was more than two-folds higher than that at the lower
side (Fig. 1f). These observations suggest that the bending was due to
a difference in cell proliferation rates between the upper and lower
sides of the bent culm.

The bdw mutants have reduced gravitropic response. Since we
suspected that the gravitropic perception of the mutants might be

defective, we directly examined the response of the bdwl culm to
gravity at two stages, seedling and vegetative (Fig. 2). The aerial part
of bdwl at the seedling stage responded positively to
gravistimulation, but with a much weaker response compared to
the WT (Fig. 2a), possibly due to its naturally inhibited culm
elongation. Such weak gravitropic response was also observed at
the late vegetative stage (Fig. 2b). Aside from the culm, the roots of
bdwl also responded positively but much more slowly to
gravistimulation at the seedling stage (Fig. 2a), as observed in
another bdw mutant, bdw3-1 (Supplementary Fig. S2), strongly
suggesting that the bdw mutants have diminished ability to
respond to gravity.

A loss of function of GA biosynthetic genes causes the bending
dwarf phenotype. To further characterize the bdw mutants, we
carried out positional cloning of the BDW3 gene since there was a
pair of allelic mutants for this gene among the five bdw mutants. We
used F, plants derived from the cross between bdw3-1 and the
cultivar bmr-6. These plants segregated into two phenotypic
groups, tall and dwarf, with a segregation ratio of 3:1 (P<<0.05),
respectively. By genotyping 249 F, plants, we narrowed down the
locus of BDW3 to approximately 4.0-Mb region between the
markers Sb5370 and SSR5_5423 (Fig. 3a). This region contains
283 genes annotated in the sorghum genomic DNA sequence
database (http://www.phytozome.net/), including Sobic.010G172700
(Supplementary Table S1), a gene which is homologous to the rice
ent-kaurene oxidase (KO) that encodes a GA biosynthetic enzyme*.
In rice and Arabidopsis, the loss of function of KO causes a severe
dwarf phenotype with small dark-green leaves®*?, which was also
evident in bdw3-1 except that it had an added bent culm trait
(Fig. 1c). The deduced amino acid sequence of Sobic.010G172700
showed a high similarity to the entire sequence of rice KO (67%)
and also to that of Arabidopsis KO (56%) (Supplementary Fig.
S3¢)***. We searched for mutations in the genomic DNA sequence
encompassing the SbKO gene by PCR, and obtained no PCR
products from the genome of bdw3-1 (upright red triangles,
Fig. 3b), whereas the same primers produced PCR products from
the WT genome at the same condition. By using primers covering the
flanking sequences of the SHKOI gene, we successfully located
sequences that yielded PCR products (upright blue triangles KO1,
KO2, KO18 and KO19, Fig. 3b) and predicted the deletion around
the SbKOI gene to be at about 45 kb from KO3 to KO17. We also
performed the same experiment on another bdw3 mutant, bdw3-2,
and found that it contained a shorter deletion (~17 kb) involving all
portions of its SbKOI gene (inverted red or blue triangles in Fig. 3b).
A genomic DNA blotting analysis using the promoter sequence of
the SbKOI gene as probe also confirmed the large deletion in the
corresponding region of the bdw3-1 genome (Supplementary Fig.
S4c, d).

The above results suggest that mutation in the SbKOI gene could
be the reason for the severe dwarfism in the bdw3 mutants. To
determine whether such loss of function of GA biosynthetic genes
is behind the phenotype of all the bdw mutants, we examined the
sequences of the other GA biosynthetic genes (CPS, KS, KAO,
GA200x, and GA3ox) in the remaining mutants. As expected, the
genome of bdwl contained an approximately 16-kb deletion invol-
ving the entire genomic region of SbCPSI (Sobic.001G248600)
(Fig. 3¢c; Supplementary Fig. S4a, b). That of bdw2 had a one-nuc-
leotide deletion in the exon 3 of SbKS1 (Sobic.006G211500) (Fig. 3d),
while bdw4 contained a five-nucleotide deletion in the exon 2 of
SbKAOI (Sobic.010G007700) (Fig. 3e). These demonstrate that all
of the five bdw mutants have defects in GA biosynthetic genes.

To confirm that the concerned GA biosynthetic genes in sorghum
really function in vivo, we used them to transform corresponding
GA-deficient mutants of rice, namely, oscps1-1, osksI-1, osko2-1 and
oskao-1*>. We introduced a 7,545-bp sorghum genomic DNA frag-
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Figure 1 | Phenotypic analysis of the bdw mutants. (a) The bdw and WT plants at the seedling stage (30 days after germination, DAS). Bar = 4 cm. (b)
Culm structure of WT (left) and bdw3 (center and right) at the vegetative stage. Bars = 2 cm. Nodes are indicated by arrowheads. (c) WT and the bent bdw
mutants at the vegetative stage (110 DAS). Top view of two-month old bdw3 is shown at the rightmost panel. Bars: 50 cm, WT; 4 cm, mutants. (d)
Longitudinal section of bdw3 culm. Roman numerals at the right side indicate internode position from bottom to top. Bar = 5 mm. (e—f) The length and
number of cells at the upper and lower sides of the fifth internode in the bent region shown in panel (d). Error bars for cell length represent the standard
deviation calculated from approximately 100 cells. Error bars for cell number represent the standard deviation calculated from 5 cell files (see Methods).
Asterisks indicate significant differences at 0.1% (P<<0.001).

ment containing the entire SbKOI1 sequence into rice osko2-1 via cued the dwarfism of corresponding rice mutants (Fig. 4). These
Agrobacterium tumefaciens-mediated transformation and found that ~ observations confirmed that the isolated sorghum genes have bio-
it completely rescued the severe dwarfism of the mutant (Fig. 4). logical activity in rice, and therefore the dwarf phenotype of the bdw
Similarly, introduction of SbCPSI1, SbKS1, and SbKAOI genes res- mutants should be caused by the loss of function of these genes.
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GA rescues the bending culm phenotype, whereas, uniconazole
induces bending in WT plants. The results described above
indicate that loss of function of GA biosynthetic genes causes
dwarfism accompanied by unusual culm bending in the mutants.
We further confirmed that GA deficiency causes the culm bending
by using two approaches. First, we treated the bdw3-1 mutant with
different concentrations of GA; for 4 months. Both the dwarf
phenotype and the bending culm phenotype were rescued in a
dose-dependent manner by GAj, and were almost normal at 10™*
M GA; (Fig. 5). At 10~° M GA;, the dwarfism was partially rescued to
about 60% but the culm remained at a significantly bent state (Fig. 5).
Secondly, we treated WT with various concentrations of uniconazole
(Fig. 6), an inhibitor of GA biosynthesis. As a result, treatment with
10~° M uniconazole induced WT to bend in a similar manner
observed in the mutants (Fig. 6a). At 3 X 107° M uniconazole, the
plant height was reduced to about 25% while the bending was
significantly induced from 0 to about 5 degrees against the vertical
axis. These results show that the alleviation of the dwarf and bent
phenotype of the mutants by GA was exactly opposite to the effect of
uniconazole on WT plants, and that dwarfism and bending are
tightly correlated (Fig. 5a, 6a).

Discussion

In this study, we were able to isolate five dwarf mutants (bdwl, 2, 3-1,
3-2, and 4) with abnormal culm bending from a mutant population
of sweet sorghum (Fig. 1). Each of the bdw mutants had a defectin a
specific GA biosynthetic gene, namely, SbCPS1, SbKS1, SbKO1 and
SbKAOI (Fig. 3; Supplementary Fig. S1)— the genes involved in the
early part of GA biosynthesis. Further analyses of these mutants
revealed that both dwarfism and culm bending were caused by GA
deficiency (Fig. 5, 6).

240 DAR

J
\
.

Figure 2 | Gravitropism test of bdwl. (a) The gravitropic response at the seedling stage. Top, plants at 4 days after germination (DAG) in upright
position before gravistimulation; bottom, 4-DAG plants were rotated 90 degrees and further grown for 4 days after rotation (DAR). The horizontal “1”
and vertical “2” arrows indicate the gravity directions before and after rotation, respectively. (b) The gravitropic response of bdw! (top) and WT (bottom)
at the vegetative stage. Red dashed lines indicate the original direction of main culm before rotation. White arrows indicate the direction of culm
movement.

Although previous studies in maize, rice, and Arabidopsis have
shown that loss-of-function mutations in GA biosynthetic genes
result in the suppression of internode elongation and dwarfism*>*>*,
there was no mention of culm bending or GA being involved in such
a phenomenon. In barley, however, the loss of function of GA3o0x1,
which is involved in the last step of GA biosynthesis, resulted not
only in dwarfism but also prostrate growth in the grd2c mutant®.
Also in wheat, a strong allele of Rht-B1, Rht-Blc, induced severe
dwarfism that correlated with an increase in tiller angle*. These
indicate that culm bending (prostrate growth) is one of the pleiotro-
pic effects of GA-related gene mutations and such event appears to be
species-dependent. Our conclusion that GA deficiency causes culm
bending in sorghum was supported by three experimental evidences.
First, the independent loss-of-function mutants defective in four
different GA biosynthetic genes were found to have bent culms
(Fig. 1, 3). Second, the bent culm phenotype was reverted by exo-
genous GA treatment in a dose-dependent manner (Fig. 5). Lastly,
uniconazole treatment of WT mimicked the bending of the mutants
also in a dose-dependent manner (Fig. 6).

Although the exact molecular mechanism controlling bending in
sorghum under GA deficiency is still unclear, there was a strong
indication that the bending in the bdw3 mutants was due to the
asymmetric growth of culm internodes (Fig. 1d, f), which could be
partially due to the reduced gravitropic response of the mutants as
compared to the WT (Fig. 2; Supplementary Fig. S2). A comparable
situation was observed in the GA-deficient barley grd2c mutant?,
which showed a slower pulvinar gravitropic response than the WT,
and to a greater extent, to sinlc, a GA-hypersensitive mutant. The
evidence indicated that gravity-induced auxin asymmetry leads to an
asymmetry of GA distribution, and that GAs play a role in facilitating
faster gravitropic response by inducing rapid cell elongation on the
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Figure 3 | Identification of the causal genes of the bdw mutants. (a) A physical map of the candidate region of bdw3. The top line shows the position of
markers around the target region of chromosome 10. The numbers in parentheses indicate the number of recombinant plants between the markers. The
bdw3 mutation locates between Sb5370 and SSR5_5423. (b) Deletion in the bdw3-1 and bdw3-2 genome as detected by PCR analysis. Presence or absence
of PCR products is indicated by blue and red triangles, respectively, whereas all PCR products were successfully obtained from the WT genome. Upright
and inverted triangles correspond to the bdw3-1 and bdw3-2 genomes, respectively. Dashed arrows at the top and beneath the triangles show estimated
deletions around the SbKOI gene. The SbKOI structure is shown at the bottom, where boxes and lines between them indicate exons and introns,

respectively. (c) Deletion in the bdw1 genome as detected by PCR analysis. The presentation is the same as in panel (b). (d) One-nucleotide deletion in the
SbKS1 gene of bdw2. The presentation is the same as in panel (b). (e) Five-nucleotide deletion in SbKAO1 gene of bdw4. The presentation is the same as in
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lower side of the pulvini, following an asymmetric localization of
auxin which serves as an initial trigger for bending. Further, just like
the bdw mutants, the barley grd2c mutant was also reported to have a
prostrate growth habit and GA appears to be affecting the gravitropic
set-point angle (GSA) of its lateral shoots (tillers)”’. Recently, using
pea and Arabidopsis, GSA values were found to be dynamically spe-
cified by auxin throughout development by regulating the magnitude
of the anti-gravitropic offset component via TIR1/AFB-Aux/IAA-
ARF-dependent auxin signalling within the gravity-sensing cells of
the root and shoot, suggesting that the bending in the bdw mutants
could also be auxin-related. Our results show that GA deficiency
triggers prostrate growth habit in sorghum in the presence of auxin,
which is consistent with the case of barley grd2¢*, strongly indicating
that GA also has a crucial role in controlling the GSA of the culm, at
least in these species.

Mutations involving partial GA-deficiency and semi-dominant
GA-insensitivity have long been harnessed in breeding programs
to induce the favourable semi-dwarf trait made famous by the
Green Revolution rice (sd1) and wheat (Rht-B1b and Rht-D1b),
respectively’®*®. In such instances, semi-dwarfism led to increased
lodging resistance and high yield. However, the present study
strongly suggests that the use of GA-related genes for sorghum
breeding remains to be a big challenge because of the bending
side-effect linked with GA deficiency. Actually, results presented in
Fig. 5 and 6 demonstrated that even semi-dwarf sorghum plants
show a potentially destabilizing (e.g. lodging-prone) culm curvature
under reduced GA levels. Our assumptions are also being upheld by
the fact that there are still no reports of GA-related genes used for
sorghum semi-dwarf breeding to date.

So far, it is widely known that four major classical dwarfing genes
(dwl - dw4) had been introgressed into elite varieties in the early
history of sorghum breeding*~>'. Among these dwarf genes, only the
causal gene of dw3 had been identified, namely, a gene encoding a
phosphoglycoprotein involved in auxin transport®. Because the loca-
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tion of dwl, dw2 and dw4 have also been identified**>*
(Supplementary Table S2), we compared them against the loci of
GA-related genes (Fig. 7 and Supplementary Table S1) and found
that the loci of dw2, dw3 and dw4 do not coincide with mapped
positions of known GA-related genes. On the other hand, dwl is
in close proximity to a GA 2-oxidase-like gene (Fig. 7),
Sobic.009G230800 (referred to as GA20x5 in Supplementary Table
S1), which was previously discussed by two independent groups to be
the possible causal gene of dw1***'. However, based on our experi-
ments, it is unlikely that a GA2ox is behind the phenotype of dwl
because in that case, bending would become inevitable. Since GA2o0x
is involved in GA catabolism, its effect on sorghum should be similar
to that of a GA synthesis inhibitor, uniconazole. To investigate
whether dwl is the same as GA2o0x5, we directly compared the
DNA sequence and expression level of the gene in a tall (DwlDwlI)
and dwarf (dwldwl) isogenic sorghum cultivar carrying gain-of-
function and loss-of-function alleles of DwlI, respectively. As
expected, there was no difference in the genome sequence and
expression level of GA20x5 between the two cultivars
(Supplementary Fig. S5). This result supports the above idea that a
GA2ox is unlikely to be the causal gene of dwl.

As mentioned earlier, in wheat, the use of a strong allele of Rht-B1
caused severe dwarfism and bending®, and such traits were further
aggravated by overexpression of a GA-inactivating enzyme,
GA20x™*. In contrast, the weak Rht-Bl mutation used in the
Green Revolution only resulted in semi-dwarfism, with no obvious
bending®. On the other hand, the Green Revolution rice and even the
severe dwarf rice mutants carrying null alleles for GA biosynthetic or
signalling genes do not show culm bending at all******. These obser-
vations suggest that, because of the exceptionally tight relationship
between GA deficiency-induced dwarfism and bending in sorghum,
the use of GA-related mutations to induce semi-dwarfism, without
compromising the straightness and lodging resistance of the culm,
may not be possible. Taken altogether, our results strongly suggest
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Figure 4 | Introduction of sorghum GA biosynthetic genes rescued the corresponding mutants of rice, oscpsI-1, osksl-1, osko2-1, and oskao-1.
Scale bar = 4 cm. Plants at the left and right in each set were transformed with the complementary WT genes from sorghum and the vector control,

respectively.
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recovery of plant height. (c) Dose-dependent recovery of the bending culm
phenotype, which was determined by measuring the angle between the
main culm and the vertical axis. Error bars represent the standard
deviation calculated from 3 replicates. Single (*) and double asterisks (**)
indicate significant difference with the mock (0 M GA;) at 0.5%
(P<<0.005) and 0.1% (P<<0.001) levels of significance, respectively, as
determined by t-test.
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Figure 6 | Effect of uniconazole on the plant height and culm bending of
WT plants. (a) Gross morphology of the uniconazole-treated plants. The
plants at the left, center, and right were treated with 0, 3 X 10 *and 1 X
10™> M uniconazole, respectively. Bar = 50 cm. Dose-dependent
inhibition of plant height (b) and induction of culm bending (c) in WT
plants. Error bars represent the standard deviation calculated from 5
replicates. Single (*) and double asterisks (**) indicate significant
difference between the mock and 3 X 107*and 1 X 10~> M uniconazole at
5% (P<<0.05) and 1% (P<<0.01) levels of significance, respectively, as
determined by t-test.
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that the classical dwarfing genes that have been utilized for sorghum
breeding in the past may not be related to GA. As in the case of dw3°,
the isolation and characterization of dwl, along with those of dw2
and dw4 will reveal novel mechanism(s) for semi-dwarfism in sor-
ghum. Once identified, these genes can also be exploited in rice and
other crops as additional or alternative options for lodging resistance
breeding.

Methods

Plant materials and mutant library construction. We used Sorghum bicolor cv. SIL-
05 (sweet sorghum) for constructing a mutant library. Mutagenesis was carried out by
irradiating seeds with gamma-ray (175-250 Gray (Gy)). The resulting M; seeds were
sown in seedling trays and were grown inside the greenhouse at 25°C for more than 3
weeks before planting in the field. About 5,000 of such plants were self-pollinated to
obtain M, lines which were screened for dwarfism at the seedling (greenhouse) and
vegetative (field) stages. Identified mutants and all plants for analysis were grown in
pots inside the greenhouse under ambient lighting conditions.

Microscopic analysis. A culm longitudinal section of the bdw3-1 mutant was made
with a cryotome. For staining, hematoxylin and eosin stains were used. Photographs
were taken using an Olympus photomicroscope connected to a CCD camera.
Resulting photographs were stitched to create a panoramic image (Photostitch,
Canon). In order to understand the underlying cause of the bending in the bdw3-1
mutant, the length and number of the cells at both the upper side and lower side of the
fifth internode, where the greatest degree of bending took place, was quantified. This
was done by measuring the length and number of cells in 5 cell files within a 500-um
long region (orange rectangles, Fig. 1d) at both the upper and lower sides of the fifth
internode and then estimating the total number of cells in the internode.

Gravitropism test. Seeds of the bdwI and bdw3-1 mutants (as representatives of the
phenotypically identical bdw mutants) and WT were disinfected with 0.5% benlate
overnight at 4°C and sowed on MS medium with 0.9% agar in plastic rectangular
culture plates. Plants were grown for 4 days after germination (DAG) in an upright
position and then rotated 90 degrees and examined 4 days after rotation (DAR). The

culture plates were imaged by using a flatbed digital scanner. Also, bent bdw1 plants at
the vegetative stage were rotated 90 degrees following the direction of culm bending
and compared their response with the WT.

Genome mapping of the bdw3 locus and sequence analysis. To carry out gene
mapping, we crossed heterozygous siblings of the bdw3-1 mutant (sweet sorghum
(SIL-05) background) with bmr-6 (grain sorghum cultivar) to produce F; plants that
were progeny-tested to obtain the desired F, population for analysis. Segregation ratio
of the tall and dwarf phenotypes was observed and analysed by chi-square test.

We screened about 1,500 Simple Sequence Repeats (SSR) markers® and selected
162 polymorphic markers. For rough mapping of the candidate region, we used the
SSR markers on 16 F, seedlings with tall phenotype. For the fine mapping, we
expanded the analysis to 249 F, tall plants.

We used the amino acid sequences of known GA biosynthetic genes of rice as
queries for the TBLASTN program (http://www.phytozome.net/search.
php?show=Dblast&org=0Org_Sbicolor_v2.1) to identify homologous sequences in the
sorghum genome. PCR analysis of the identified genes, namely, SbCPS1
(Sobic.001G248600), SKS1 (Sobic.006G211500), SbKO1 (Sobic.010G172700),
SbKAOL1 (Sobic.010G007700), SbGA200x2 (Sobic.003G379500) and SbGA30x2
(Sobic.003G045900) was done on all the bdw mutants and the WT. PCR primers used
are listed in Supplementary Table S3. DNA sequencing was done with the ABI Prism
310-10 sequencer following the manufacturer’s protocol.

Amino acid sequences of sorghum CPS1, KS1, KO1 and KAO1 were compared
with those of other species by aligning with ClustalW (http://www.genome.jp/tools/
clustalw/) using default settings (slow/accurate) and then manually adjusted to
optimize alignments. The unrooted phylogenetic tree with branch length (N-]) tree
file output was used to create a phylogenetic tree with FigTree v1.4.0 (http://tree.bio.
ed.ac.uk/software/figtree/) using default settings for the rectangular tree layout.

For DNA gel blot analysis of SCPS1 and SbKOI, 1 pg genomic DNAs from bdw1,
bdw3-1and WT were analysed as previously described*. Primers used to amplify the
probes are listed in Supplementary Table S3.

Complementation of rice GA-deficient mutants with WT GA biosynthetic genes
from sorghum. To examine the bioactivities of the identified sorghum GA
biosynthetic genes, we first cloned 11,287, 6,938, 7,628, and 5,909 bp of sorghum
genomic DNA fragments containing entire SbCPS1, SbKSI, SbKOI and SbKAOI
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Figure 7 | Comparison between the map positions of previously reported dwarfing QTL genes and the GA-related genes of sorghum. The
chromosomes carrying the dwarfing QTL genes previously reported are presented. Ovals and circles at the right side of each chromosome indicate the
positions of respective previously reported dwarfing QTLs (red rectangles), where green, yellow, red and black shades represent the mapping work of
Morris et al. (2013), Thurber et al. (2013), Wang et al. (2012) and Brown et al. (2008), respectively. The positions of GA-related genes are presented at the
left side of each chromosome with their corresponding names as presented in Supplementary Table S1.
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genes along with their native promoters into a pCAMBIA1300 binary vector,
respectively. These chimeric plasmids were introduced into corresponding mutants
of rice, oscpsi-1, osks1-1, osko2-1 and oskao-1, through Agrobacterium-mediated
transformation®”’. The transformants were screened on selection medium with
hygromycin and the regenerated plants were documented.

Exogenous gibberellin treatment and uniconazole treatment. For GA treatment,
two-week old bdw3 seedlings were transplanted into pots. A set of three pots (with
holes in the bottom) were placed in a square plastic vat containing a designated
concentration of GA3 (0,1 X 10751 X 1077,1 X 10751 X 10~°and 1 X 10~* M) and
were grown continuously in the solution for four months inside the greenhouse. For
uniconazole treatment, a set of five 4-week-old WT plants (SIL-05) were grown
continuously for 2 months in a vat containing specified concentrations of uniconazole
(0,1 X1077,3X 1077, 1 X 10753 X 10 °and 1 X 10~°> M). In both GA and
uniconazole experiments, the vats were regularly checked and augmented with water
whenever necessary to guard against evaporation and fluctuation in the concentration
of the original solution until the completion of the experiment. Measurement of plant
height was done with a rope by tracing the contour of the main culm from the base to
the longest tip. Culm angle was taken by measuring the angle formed by the culm
against the vertical axis.

DNA and RNA-seq analysis by Next Generation Sequencer (NGS). Two isogenic
varieties, tall white sooner milo (DwIDwI) and dwarf white milo (dwldwl) carrying
gain-of-function and loss-of-function alleles of Dw1, respectively, were utilized for
genomic DNA sequence analysis using NGS. Sequencing was performed at Hokkaido
System Science Co. Ltd. (Sapporo, Japan). Library for sequencing was prepared using
TruSeq DNA/RNA Sample Prep Kit (Illumina, Inc.) according to the manufacturer’s
protocol. The resultant library was sequenced (2 X 101 cycles, paired-end) on HiSeq
2500/2000 instrument using TruSeq PE Cluster Kit and TruSeq SBS Kit (Illumina,
Inc.) to obtain approximately 40 million raw sequence reads for analysis. Sequences
were mapped to the BTx623 sorghum reference genome® by using BWA version
0.6.1-r104 (http://bio-bwa.sourceforge.net/), and SNPs were called with the
SAMtools version 0.1.18 (http://samtools.sourceforge.net/). The two varieties were
also subjected to RNA-seq analysis by using elongating internode total RN As isolated
by a modified Trizol method®. Total RNAs were utilized for RNA-seq experiment as
described previously®.
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Utilization of Stiff Culm Trait of Rice smos7 Mutant for
Increased Lodging Resistance
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Hidemi Kitano, Makoto Matsuoka*
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Abstract

Although the introduction of semi-dwarf trait into rice has led to improved lodging resistance making it capable of
supporting high grain yield, lodging still remains a concern when attempting to further increase the grain yield of rice.
However, improving the lodging resistance in rice by depending on the semi-dwarf trait alone is possible only up to a
certain limit, beyond which other traits may be needed for reinforcement. To search for alternative traits relating to high
lodging resistance, we identified 9 rice mutant lines possessing improved culm strength. To evaluate whether such lines can
be useful for breeding lodging resistant rice, small organ sizel (smos1) mutant having increased lodging resistance but low
tiller number and low grain yield, was chosen as a representative for a breeding trial. smos1 was crossed with ST-4 (from the
Stock rice collection of Nagoya University Togo field #4), a cultivar with high tiller number and high grain yield, and from
their progeny, LRC1 (lodging resistance candidate-1) was selected. Although the low tiller number trait of smos7 was not
fully reversed in LRC1, this was compensated by an increase in grain weight per panicle, thereby resulting in high grain yield
per plant. This important attribute of LRC1 was further enhanced by the improved lodging resistance trait inherited from
smos1. Such improved lodging resistance in LRC1 and smos1 was revealed to be mainly due to increased culm diameter and
culm thickness, which led to a high section modulus (SM) value, a parameter defining the physical strength of the culm.
Since smos1 possesses high breaking-type lodging resistance which is different from semi-dwarf plants with high bending-
type lodging resistance, an alternative approach of using thick culm lines for the creation of rice with increased lodging

resistance is hereby proposed.
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Introduction

In the 1960’s, introduction of semi-dwarf trait into rice varieties
combined with high nitrogen fertilizer input doubled rice grain
yield, a success referred to as the “Green Revolution” [1-3]. Use
of high amount of fertilizer allowed yield increase, while reducing
plant height through the introduction of semi-dwarf gene
increased lodging resistance, making rice capable of supporting
grain-laden panicles. To avoid the future food crisis that may arise
from human population explosion and climate change, it is urgent
to increase rice grain yield per land area. In this context, lodging
still remains a concern.

Lodging of cereal crops can be classified into three types [4].
Culm bending-type lodging is exhibited by plants when they
cannot withstand the bending pressure, and is often observed in
the upper internodes of rice during strong winds and rain. Culm
breaking is another type of lodging that usually occurs at lower
internodes (below the third internode counted from the top) as a
result of excessive bending pressure at the higher internodes, and is
determined primarily by the morphology and quality of the culm
[5,6]. The third type is root lodging, which results from the
mability of the roots to support the above-ground part [7]. Root

PLOS ONE | www.plosone.org

lodging is infrequently observed in transplanted rice, as they
possess well-established root system.

The widespread use of gibberellin (GA)-related semi-dwarf
plants during the “Green Revolution” was due to their improved
bending-type lodging resistance. Short-statured plants have lower
“center of gravity” than normal plants, which improves their
resistance against bending pressure [8]. However, attaining
lodging resistance through the use of GA-related semi-dwarf trait
has some limitations. First of all, further improving the bending
resistance does not necessarily result in increased lodging
resistance. This is because although semi-dwarf plants have
increased bending resistance in the culm, their breaking resistance
is significantly reduced [9]. In addition, GA dependent semi-dwar{
plants have lower grain yield than their original cultivars [9].

From the reasons mentioned above, a rather different approach
is required to further improve lodging resistance in rice. One
possible way is to increase the physical strength of the culm to
improve breaking-type lodging resistance. This should satisfy the
requirement for supporting higher grain yield without depending
on semi-dwarfism.

In this study, we searched for rice mutants with stiff culm and
improved breaking resistance, and 9 such lines were identified

July 2014 | Volume 9 | Issue 7 | 96009
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from more than 3000 rice mutant accessions. To investigate
whether these traits could be utilized in the breeding program for
improved lodging resistance, small organ sizel (smosI) was chosen
from the mutant lines and used for a breeding trial. Just recently,
molecular characterization of smos/ mutant revealed that it
contains a mutation in a gene coding for APETALA2 (AP2)-type
transcription factor which acts as an auxin-dependent regulator of
cell expansion [10]. Thus, the mutation results in decreased ability
of the cells to expand, hence, reducing the cell size in various
organs of smosI. Surprisingly, the mutant also exhibits an increase
in cell numbers in several organs which could account for smosI’s
high lodging resistance. Although the molecular mechanism
leading to increased cell numbers is unknown, expression of
DNA replication-related genes is altered in smos/ mutant. From
such observation, Aya et. al. suggested one possibility that SMOS1
directly suppress cell proliferation through regulating these genes
[10]. Unfortunately, the advantage of increased cell numbers of
smos1 1s severely undermined by its poor number of tillers which
translates into reduced grain yield per plant. Thus, as a crossing
partner for smos/, we chose ST-4 (from the Stock rice collection of
Nagoya University Togo field #4), a cultivar with high yield and
large number of tillers. Through such a crossing combination, we
succeeded to identify one progeny line possessing increased
lodging resistance and grain yield. We hereby present that the
stiff culm trait is yet another available option for breeding.

Materials and Methods

Growth conditions

Experiments were conducted at the Nagoya University Togo
Field. Each rice line was planted in a 1 x1 m plot with a planting
density of 18 plants per square meter (15 cm horizontal and 30 cm
vertical spacing between plants).

Plant materials

smosl is a mutant derived from T65. ST-4 originated from
inbred japonica-indica multiple crossing lines, but the parents were
undeterminable. Crossing smos! with ST-4 was conducted using
the latter as pollen donor. Among the self-fertilized I'5 population
of smosIxST4 lines, a line tentatively named LRCI (lodging
resistance candidate-1), was selected for investigation. In the F5
lines, we did not observe any obvious differences within individual
lines, suggesting that most of their genome regions were already
fixed.

Analyses of morphological and agronomical traits
For the measurement of each trait, plant samples were taken 40
days after heading, air-dried for 2 weeks, and analyzed.

Analyses of lodging resistance

Lodging resistance parameters were measured from rice plants
40 days after heading. Culm bending resistance was investigated
by measuring the cLr value (lodging resistance factor), following
the method of Grafius and Brown [11]. Bending moment at
breaking was measured at a distance of 4 cm between two
supporting points as described previously [12]. Physical parame-
ters were calculated using the formula: M =section modulusx
bending stress [13]. M is the bending moment of the basal
internode at breaking (g - cm). Section modulus (SM)=11/
32 x(a b, —a23b2)/a], where, a; is the outer diameter of the minor
axis in an oval cross-section, b, is the outer diameter of the major
axis in an oval cross-section, a, is the inner diameter of the minor
axis in an oval cross-section and by is the inner diameter of the
major axis in an oval cross-section.
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Figure 1. Rice lines with improved lodging resistance. (A)
Bending-type lodging resistance of selected lines evaluated in terms of
cLr value. Data are means = SD (n> =3). (B) Gross morphology of the
selected lines. First up to the second panel of the third row show T65
(original cultivar) and T65 mutant lines. MN-1 and MN-2 at the third row
are Nipponbare mutants and MK-1 at the fourth row is a Kinmaze
mutant, respectively. Bar=20 cm.
doi:10.1371/journal.pone.0096009.g001

Observation of the cross-section of the internode

The uppermost down to the fourth internode of rice plants at
the matured seed stage were sampled. The center of each
internode was hand-sectioned and stained with toluidine blue.

Confirmation of smos1 mutation by PCR

Genomic DNA of the 5 generation plants crossed with smos/
and ST-4 were PCR amplified using the primers designed to
amplify the SMOS! gene. Mutation was confirmed by sequencing
the PCR amplified DNA.
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Statistical analysis

Data on morphological and agronomical traits, and lodging
resistance were examined using three or more individual plants for
replication. Statistical analyses were carried out using R version
2.12.1 software. Significance test was conducted using the two-
tailed Student’s #test or the Tukey’s significant difference test.
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Results

Screening for rice mutants with improved lodging

resistance parameters
From among the >3000 rice mutant accessions of the Nagoya
University Togo Field that we initially screened, we selected 14
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lodging resistance. (B) Grain weight per plant of lines from the F5
population of the smosT and ST-4 cross. Data are means = SD (n>=3).
(C) Bending-moment-at-breaking values of line #1 and line #5 (n>
=3).

doi:10.1371/journal.pone.0096009.g004

lines showing improved cLr values (a measure for bending-type
lodging resistance) for two seasons as compared to their respective
original lines (T'65, Nipponbare, and Kinmaze) (Figure 1A). Their
gross morphologies are shown in Figure 1B. Next, we evaluated
the bending moment at breaking (BMB, a measure for breaking-
type lodging resistance) of the mutants (Figure 2A) using a high
throughput handmade load-testing apparatus in the paddy field.
Through these steps, we were able to classify the lines into two
groups: 9 lines showed both increased cLr and BMB values, and 5
lines that only showed increased cLr values (MT-6 to -10).

Among the 9 mutants showing increased BMB, we further
analyzed 7 lines, namely, smosZ, M'T-1, MT-2, MT-3, MN-1, MN-
2, and MK-1 in terms of their culm morphology. The magnified
view of the fourth internode of each culm is shown in Figure 2B.
Almost all lines showed increased culm thickness in all the
internodes tested as compared to original cultivars (Figure 2C).

Since our aim in this study is to find out whether there are other
available options for breeding rice with improved lodging
resistance other than the traditional use of semi-dwarf trait (which
improves clLr), we decided to do a breeding trial using a rice line
with improved BMB, while maintaining a good cLr value. For this
purpose, we selected smos! from among the candidate mutant lines
since it showed the highest BMB (Figure 2A). Previously, we
identified the causal gene for smos/ and found that it codes for an
APETALA2 (AP2)-type transcription factor which controls organ
size downstream of auxin signaling pathway [10]. Mutation in
smos] results in reduced cell elongation but is accompanied by an
increased cell number in several organs.

We initially evaluated the global agronomical attributes of smos!
such as plant height, tiller number, grain weight per plant, grain
weight per panicle, 1000-grain weight, grain number per panicle,
primary branch number, and relative fertility in comparison to
those of the original cultivar T65 (Figure 3). As a result, the plant
height (Figure 3A), tiller number (Figure 3B), and total grain
weight per plant (Figure 3C) of smos! were reduced to 72.0%,
40.8% and 38.1% relative to that of T65, respectively. As for the
remaining grain-related traits, those of smos/ did not vary
significantly from that of 165, except for a slight 1000-grain
weight and relative fertility reduction in smos/ (Figure 3E and 3H;
11% and 5.6% reduction, respectively). Overall, this shows that
the low tiller number of smos! is the main reason for the reduced
grain weight per plant of this otherwise high yielding and lodging
resistant line.

Morphological traits of smos1 x ST-4

For the breeding trial, we chose ST-4 as an ideal crossing
partner to complement smosI’s unfavorable trait because of its high
tiller number (14.3) and high grain yield (37.9 g of grain weight
per plant). After crossing smos/ with ST-4 (Figure 4A), the resulting
F1 plant was self-fertilized to proceed to the next generation (I2).
Such procedure was conducted until the 5 generation, each time
selecting for lines with high grain yield and thick culm through
visual and manual checking in the field. In the F5 generation,
there were six independent lines (#1 to #6) that possess smos/
mutant allele as confirmed by PCR, and showing similar or higher
grain weight per plant relative to ST-4 (Figure 4B). Among them,
we evaluated the BMB of the two highest yielding lines, #1 and
#5, by using a precision load-testing machine (Tensilon RTM-25)
for accurate measurement of BMB. Although both lines were
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after heading. Tukey's test was conducted for panels (B) and (C).
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superior to T65, #5 showed a larger BMB than #1 line
(Figure 4C). Thus, we renamed #5 line as LRCI1 (lodging
resistance candidate-1) and studied it in more detail.

Agronomical traits of LRC1

Figure 5A shows the gross morphology of LRC1 and its
parentals smos! and ST-4, together with T65. The plant height of
LRCI1 was slightly higher than that of smos/ and similar to that of
ST-4, whereas 165 was significantly higher than the three plants
(Figure 5A and 5B). As mentioned, the tiller number of smos! was
reduced compared to that of its original strain, T65 (Figure 5C).
Compared to smosl, although LRC1 showed increased tillering
with an average of 8.7, it was not fully restored to that of ST-4
(14.3) or T65 (13.0).

Next, we evaluated the panicle structure of LRC1 (Figure 6).
The 1000-grain weight of LRC1 (26.2 g) was similar to that of
smosl (24.6 g) and T65 (27.6 g), whereas that of ST-4 was inferior
(20.3 g; Figure 6B). On the other hand, the primary branch
number (16.3) and grain number per panicle (264.7) of LRC1
were more similar to that of ST-4 (14.0 and 236.3, respectively)
than to that of smos (12.3 and 169.7, respectively; Figure 6C and
6D). Relative fertility was similar between the four plants, although

PLOS ONE | www.plosone.org

smos] showed a slight decrease (Figure 6E). These data imply that
LRCI inherited the favorable 1000-grain weight trait from smos/
and the high grain number and primary branch number traits
from ST-4, which led to a marked increase in grain weight per
panicle (5.3 g; Figure 6F) compared to the two parentals and T65
(2.6 to 3.3 g). Thus, despite the relatively low tiller number of
LRCI1, it achieved a grain weight per plant (shown as grain yield
per hectare in Figure 6G) that was 20.1% and 5.7% higher than
that obtained from ST-4 and T65, respectively, though these
values are not statistically significant since the standard deviation
for each plant was relatively high.

Lodging resistance of LRC1

Next, we evaluated the lodging resistance of LRC1 in terms of
cLr and BMB values. The cLr value of LRC1 was similar to that of
smosl and ST-4, but 1.9 times higher than that of T65 (Figure 7A).
As for the BMB (Figure 7B), LRC1 had a value significantly higher
than that of ST-4 and T65 in all the internodes analyzed, and
smos] showed a similar trend. Thus, the improved lodging
resistance of smos/ was maintained in LRC1.

BMB can be further subdivided into two parameters. That is,
the section modulus (SM), which is determined by the morphology
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of the culm (thickness and diameter), and the bending stress (BS)
coeflicient, which is influenced by the quality of the culm such as
the amount of cellulose and lignin within the cell wall [12]. To
investigate the mechanism behind the improved culm stiffness of
smosl and LRCI1, culm thickness, culm diameter, SM, and BS
were measured at the fourth internodes of each line (Figure 8).
Initially, we observed the transverse sections of the uppermost to
the fourth internode of smos/ and LRC1 and found that they are
apparently different from those of T65 and ST-4 for having
thicker culms (Figure 8A). When the fourth internode transverse
sections were observed under the microscope, those from the
culms of smos/ and LRC1 possessed smaller but increased number
of cells (Figure 8B), resulting in 1.8 and 1.4 (smos/) times, and 1.9
and 1.5 (LRC1) times culm thickness compared to T65 and ST-4,
respectively (Figure 8C). When culm diameter, another parameter
determining the SM was measured, smos/ and LRC1 showed a
significantly larger diameter compared to T65 in all the internodes
analyzed (Figure 8D). smos/ and LRC1 showed a similar or slightly
higher diameter compared to ST-4.

As was expected from their culm morphology, SMs of the fourth
internodes of smos!/ and LRC1 were 2.3 and 2.7 times higher than
that of T65, respectively (Figure 8E) and although not significant,
the SM of LRC1 was higher than that of smosi. This might be the
reason why LRC1 showed a slightly higher BMB at the fourth
internode relative to smos/ (Figure 7B).

As for the BS of each plant (Figure 8F), BS of smos/ (and LRC1)
was much lower than that of T65 (Figure 8F). This suggests that
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there might be a trade-off between SM and BS, and that
pronounced increase in culm thickness and diameter negatively
affects culm quality that in turn decreases BS (yet to be proven).
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Taken altogether, the increased breaking-type lodging resis-
tance of smos! and LRC1 results from the higher SM conferred by
their thick and wide culms, which are lacking in T65.

Discussion

In the present study, we showed that some mutants with stiff
culm have the potential to markedly increase breaking-type
lodging resistance (Figure 2A). However, as far as we know, high
BMB mutants have not been utilized in breeding programs up to
now. This is probably due to the various unfavorable traits that are
often associated with these lines, such as low tiller number, low
grain vyield, and some morphological defects. To assess the
possibility of utilizing mutants with improved culm breaking
resistance in breeding, we chose smos! as a representative mutant
line possessing increased lodging resistance but with reduced tillers
and low grain yield. As a crossing partner, we chose ST-4, a high
tillering and high grain-yielding line that has inferior breaking-type
lodging resistance, to investigate the possibility of producing rice
with high lodging resistance and high grain yield.

Selecting rice line with stiff culm and restored tiller
number

The incomplete restoration of the tiller number of LRC1 to that
similar to ST-4 suggests that it is difficult to separate traits related
to culm thickness (or size) and tiller number, and that the two traits
may be pleiotropic effects of the same mechanism(s). Such negative
correlation between tiller number and culm size has also been
reported. For instance, fine culm 1 (fcI) mutant shows high tiller
number which results from diminished strigolactone signaling, has
thin culms [14]. Similarly, high-tillering dwarf 3 mutant possesses
small culm diameter although its mechanism is unknown [15].
These observations suggest that there is a trade-off between tiller
number and culm size.
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Even so, the significant improvement of smos! in terms of
lodging resistance is an attractive trait that can be harnessed in rice
breeding programs. One possible way to overcome the negative
effect of low tiller number is to increase grain weight per panicle.
In Figure 6F, the observation that LRC1 had a significantly higher
grain weight per panicle (5.3 g) than any of its parents (ST-4,
2.6 g; smosl, 3.1 g) or 165 (3.3 g) shows that provided a suitable
crossing partner is used with smos/ and selection of best-
performing progenies is done, good candidates with thick culm
and a reasonable grain yield can be obtained.

Using lines with unfavorable traits— a paradigm shift in
rice breeding

Although numerous researches have been devoted to increasing
rice grain production, a substantial increase in yield has been slow
in coming after the “Green Revolution” [3]. This calls for new
strategies to overcome the current rice production bottleneck and
possibly bring forth a Second Green Revolution. As shown in this
study, a mutant line (smos!) that have been ruled out as a possible
breeding line in the past due to its unfavorable trait surprisingly
gave rise to a lodging resistant and high yielding progeny (LRC1)
after crossing with ST-4. This means that even lines with
unfavorable traits from a certain viewpoint can serve as important
bioresources and that a paradigm shift in the way we look at them
is important.
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