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Preface

Among flowering plants, several “warm-season” grasses are the most efficient at
fixing atmospheric carbon, thanks to “C4” photosynthesis, a complex combination
of biochemical and morphological specializations discovered in sugarcane that
increase net carbon assimilation at high temperature. The Saccharinae clade of
grasses is of singular importance, including one cereal that is fifth in importance
among the world’s grain crops, as well as three leading biofuel crops, and several of
the world’s most noxious weeds.

Sorghum bicolor L. Moench. is a leading cereal, fifth in importance among the
world’s grain crops. Introduced into the USA about 200 years ago, sorghum is
grown on 8—10 million acres and has a farm-gate value of ~$1 billion/yr. Sorghum
is unusually tolerant of drought, a feature essential in the US Southern Plains that
often receive too little rain for other grains. In arid countries of northeast Africa,
sorghum contributes 26—-39% of calories in the human diet. Increased demand for
limited fresh water, along with rising global temperature and aridity, suggest that
sorghum will be of growing importance.

Expansion of agriculture to provide plant biomass for production of fuels and/or
feedstocks will require additions to our present repertoire of crops. The Saccharinae
clade of grasses shows singular promise, including three leading biofuel crops,
Saccharum (sugarcane, the worlds #1 fuel ethanol crop), Sorghum (currently the #2
source of seed-based fuel ethanol in the USA, and a promising potential source of
cellulosic ethanol), and Miscanthus, a promising potential cellulosic ethanol crop
with much higher yield than another leading candidate, switchgrass, in the US
Midwest. Its adaptability to continental Europe shows the feasibility of producing
Miscanthus in temperate latitudes.

The Sorghum genus also includes one of the world’s worst weeds “Johnsongrass”
(S. halepense), a naturally occurring polyploid hybrid that reduces yields of many
crops by up to 45 %. The first federal appropriation for weed control research target-
ted Johnsongrass. Functional genomic data may lead to new strategies for environ-
mentally benign plant growth regulation, suppressing weed dispersal. Better
understanding of reproductive barriers in sorghum may lead to strategies to reduce
risk that transgenic S. bicolor outcrosses with S. halepense.

vii



viii Preface

An important breeding line of Sorghum bicolor recently became only the second
monocot to have its genome essentially fully sequenced, providing an important
complement to the previously sequenced genome of rice and opening new doors into
the study and improvement of members of the clade. As a model for the tropical
grasses, sorghum is a logical complement to Oryza (rice). Sorghum is representative
of warm-season grasses in that it has “C4” photosynthesis, while rice is more repre-
sentative of temperate grasses, using “C3” photosynthesis. The ~740 megabase sor-
ghum genome, with ~90 % of DNA and ~98 % of genes placed in their chromosomal
context, is a logical bridge to the ~2,500 megabase maize genome that is also being
sequenced, and the ~4,000 megabase genome of sugarcane, the world’s leading bio-
mass/biofuels crop. Sorghum shared common ancestry with maize (12—15 million
years ago, mya) and sugarcane (5-9 mya) much more recently than rice (42—47 mya).
The most recent genome duplication in sorghum appears to be ~70 mya versus
~12 mya in maize and <5-9 mya in sugarcane with lower genetic redundancy prom-
ising a higher success rate in relating sorghum genes to phenotypes.

For a multitude of reasons—invigorated interest in biofuels, concerns about a
looming worldwide water crisis, the need for more precise and more environmen-
tally benign methods of weed control—the Saccharinae clade has seen a resurgence
of interest in the past few years. The Saccharinae have an important role to play in
a more bio-based economy and a more sustainable agroecosystem. Sequencing of
additional members of the clade has begun, building on their rich histories of con-
ventional breeding and genetics research, but constrained by the challenges of their
large and complex genomes. In this book, we seek to share with you, the reader, our
enthusiasm about the advances in genetics and genomics of the Saccharinae of the
past few years and those that loom on the horizon.

In closing, a clarification of nomenclature is important. As described in detail in
Chap. 1, the taxonomic nomenclature of the species that are the focus of this book
remains unclear. For the purposes of this book, the authors have been encouraged to
adopt the view expressed and explained in Chap. 1, that it appears appropriate that
subtribe Sorghine (presently including sorghum) should be merged into subtribe
Saccharinae (including Saccharum and Miscanthus). Accordingly, the chapter authors
have been encouraged to refer to the Saccharinae as inclusive of all three taxa.

Athens, GA, USA Andrew H. Paterson, Ph.D.
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Natural History and Genetic Diversity



Chapter 1
Phylogenetic Relationships of Saccharinae
and Sorghinae

Elizabeth A. Kellogg

Abstract Multiple taxonomic and phylogenetic studies have been conducted on
sugarcane, Miscanthus, and sorghum, but to date the results have been contradictory
and somewhat confusing. A few generalities have emerged. The Andropogoneae is
clearly monophyletic. Saccharum and Miscanthus are closely related to each other.
Their relationship with Sorghum is less clear, although they are probably more
closely related to Sorghum than any of them is to maize or to Andropogon and its
immediate relatives. The phylogeny of Andropogoneae is largely unresolved, which
leads to a number of problems of taxonomic nomenclature. The solution will require
considerably more phylogenetic data on a much broader set of species than has been
sampled to date.

Keywords Evolution ¢ Phylogeny ¢ Andropogoneae ® Miscanthus * Polyploid
* Classification ® Sorghum ¢ Sarga

1 Introduction

Sugarcane, Miscanthus, and sorghum are all members of the grass family, Poaceae.
The first two are currently placed in the subtribe Saccharinae, whereas sorghum is
often given its own subtribe, Sorghinae; both subtribes belong to the tribe
Andropogoneae. Understanding the relationships of the three taxa is complicated by
considerable phylogenetic uncertainty and taxonomic confusion. As described
below, the phylogeny represents a difficult phylogenetic problem, in which rapid
speciation early in the history of the group led to a phylogenetic tree with many
very short internal branches. Disentangling this history has been complicated by a

E.A. Kellogg (0<)
Department of Biology, University of Missouri, One University Blvd, St. Louis, MO 63121, USA
e-mail: tkellogg@umsl.edu

A.H. Paterson (ed.), Genomics of the Saccharinae, Plant Genetics and Genomics: 3
Crops and Models 11, DOI 10.1007/978-1-4419-5947-8_1,
© Springer Science+Business Media New York 2013



4 E.A. Kellogg

limited sample of species in all studies to date. In addition, the group includes many
polyploids, sugarcane and Miscanthus among them, whose evolution is likely to be
highly reticulate; while molecular phylogenetic approaches can disentangle net-like
histories, this has not yet been attempted in the Andropogoneae.

In this chapter, I take a hierarchical approach, beginning with the placement of
Saccharinae and Sorghinae in the angiosperms, and noting the characteristics that
have originated at various stages in evolution. I then consider the placement of the
groups within the phylogeny of Andropogoneae, and discuss some of the implica-
tions and limitations of the phylogeny for understanding morphological and
chromosomal evolution. In the final section, I consider the implications of the phy-
logenetic data for classification. Although I may not eliminate any taxonomic con-
fusion, I hope to explain at least why it has occurred and what information might
address the problems in the future. One likely conclusion from the available data is
that the subtribe Saccharinae will ultimately be merged with the subtribe Sorghinae,
and that the former name will take precedence.

2 Placement of Sugarcane, Miscanthus, and Sorghum
within the Angiosperms

The grasses are angiosperms, and are members of the large monocot clade, which
includes about 20 % of known flowering plants. Within the monocots, the grasses
belong to the commelinid clade (Fig. 1.1). Thus sugarcane, Miscanthus, and sorghum
all inherit the molecular and morphological characteristics of each of the larger groups
to which they belong (summarized in Stevens 2008). As angiosperms, they have
ovules enclosed in ovaries, double fertilization, and the many familiar angiosperm
characteristics. As monocots they have a single cotyledon, and vascular bundles scat-
tered in the stem. As commelinid monocots, they have cell walls that contain ferulic
acid such that they fluoresce under ultraviolet light. Most commelinid monocots,
including sugarcane, Miscanthus, sorghum, and the grasses, also produce silica bod-
ies (Si0,) in their leaves and have bracteate inflorescences. The stomata of the com-
melinids are characteristically paracytic, meaning that they have subsidiary cells that
are parallel to the long axis of the stomate. (Some species have tetracytic stomata,
which have two additional subsidiaries, one at either end with the long axis of the cell
perpendicular to the opening of the stomate.) The commelinids, except for the palms,
accumulate starch in the endosperm; the endosperm that is the source of much human
nutrition is thus an ancient characteristic that has been retained in the grasses.
Within the commelinids, sugarcane, Miscanthus and sorghum are members of
the order Poales (Fig. 1.1). This is a monophyletic group of 17 families, all of which
have silica bodies in their epidermis. All members of this group also are characterized
by having nuclear endosperm, in which multiple nuclear divisions occur before cell
walls are formed. A clade within the Poales includes the grass family (Poaceae), plus
the families Anarthriaceae, Centrolepidaceae, Restionaceae, Flagellariaceae,
Ecdeiocoleaceae, and Joinvilleaceae; together these are known as the graminoid Poales
(Campbell and Kellogg 1987; Kellogg and Linder 1995) (Fig. 1.2). As members of
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commelinid monocots

Poales

Panicoideae

Andropogoneae

Saccharum
Sorghum

Fig. 1.1 Venn diagram showing the nested relationships of the commelinid clade, Poales, and
included taxa

_|: Centrolepidaceae
Restionaceae
Anarthriaceae
Flagellariaceae
Joinvilleaceae
Ecdeiocoleaceae
Anomochlooideae )
Pharoideae
Puelioideae
Ehrhartoideae
Streptogyna
Bambusoideae
Pooideae
Avristidoideae
Arundindoideae
Micrairoideae
Danthonioideae
Chloridoideae

Panicoi
L anicoideae )

BEP clade

Poaceae (grasses)

PACMAD clade

Fig.1.2 Phylogeny of the graminoid Poales, including relationships among the subfamilies of grasses,
following Christin et al. (2008)
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the graminoid Poales, the Saccharinae and Sorghinae have distichous leaves, primary
cell walls with (1-3,1-4)-B-p-glucans, and sieve tube plastids with cuneate crystals;
the pollen has a single pore (monoporate) surrounded by a raised ring (annulus). All
graminoid Poales have one anatropous ovule per carpel; the number of locules is
often reduced to one. Most members of the clade are wind pollinated, and thus have
tiny flowers with few or no tepals, and feathery stigmas.

As members of the family Poaceae, sugarcane, Miscanthus, and sorghum have a
grass embryo, which is far more differentiated than embryos in other monocots, and
is the result of a heterochronic shift in the timing of embryo maturation relative to
the maturation of the seed (Kellogg 2000b). The embryo has a clear apical meristem
and several seedling leaves, as well as a unique haustorial organ, the scutellum,
which is thought to be a highly modified cotyledon. Like almost all grasses, sugar-
cane, Miscanthus, and sorghum have flowers in spikelets, clusters of one or more
flowers with the whole cluster subtended by two bracts, the glumes.

Characteristics of morphology plus extensive DNA data place sugarcane,
Miscanthus, and sorghum in the subfamily Panicoideae, within the grass family
(Fig. 1.2). This subfamily is one of the most distinctive groups within the grasses,
having been recognized initially by Robert Brown (1810, 1814) based on its
two-flowered spikelets, with the upper flower being bisexual and the lower flower
staminate or sterile.

3 The Tribe Andropogoneae

3.1 Molecular Phylogenetics

Sugarcane, Miscanthus, and sorghum belong to the tribe Andropogoneae, a group
that includes 85-90 genera (Clayton and Renvoize 1986). All molecular phyloge-
netic studies of Andropogoneae (Bomblies and Doebley 2005; Chen et al. 2009;
Hodkinson et al. 2002a; Kellogg 2000a; Lukens and Doebley 2001; Mathews et al.
2002; Skendzic et al. 2007; Spangler et al. 1999) show that it is monophyletic and
that the genus Arundinella (formerly the type genus of the tribe Arundinelleae) is
sister to all Andropogoneae. The common ancestor of Arundinella plus all other
Andropogoneae is estimated to have lived about 19 million years (My) ago
(19.1£4.5; Vicentini et al. 2008).

All studies also find good support for linking Zea plus Tripsacum, and for a clade
composed of Bothriochloa, Dichanthium, and Capillipedium; both these groups are
expected based on considerable previous work (e.g., deWet and Harlan 1974; Harlan
and deWet 1963; Hitchcock 1950; Mangelsdorf and Reeves 1931). Other large
groups that were identified in one or more studies include (1) the awned
Andropogoneae (Bomblies and Doebley 2005; Kellogg 2000a; Lukens and Doebley
2001; Mathews et al. 2002), dated by Vicentini et al. (2008) at 11 My (11.4+3.1);
(2) “core Andropogoneae,” including Andropogon, Schizachyrium, Hyparrhenia,
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Cymbopogon, and Heteropogon, plus the clade of Bothriochloa, Dichanthium, and
Capillipedium (Bomblies and Doebley 2005; Kellogg 2000a; Lukens and Doebley
2001; Mathews et al. 2002; Skendzic et al. 2007; Vicentini et al. 2008)(9.1+2.7 My);
(3) Saccharum plus Miscanthus (Hodkinson et al. 2002a; Mathews et al. 2002;
Skendzic et al. 2007); (4) African sorghum (S. bicolor, S. arundinaceum, S.
halepense, S. propinguum) (Chen et al. 2009; Hodkinson et al. 2002a; Skendzic
et al. 2007).

Comparing the many studies is difficult because each includes a somewhat dif-
ferent set of taxa and a different set of DNA markers. Spangler et al. (1999) used the
chloroplast gene ndhF, Kellogg (2000a) used ndhF, granule bound starch synthase
1 (GBSS1 or waxy) and morphology, Lukens and Doebley (2001) used feosinte
branched 1 (tb1), Mathews et al. (2002) combined ndhF, waxy, and phytochrome B
(phyB), Bomblies and Doebley (2005) used Leafy (Ify), Hodkinson et al. (2002a)
and Skendzic et al. (2007) used the Internal Transcribed Spacer of the nuclear ribo-
somal RNA genes (ITS) plus sequences of the intron and spacer of the chloroplast
trnL-F, Chen et al. (2009) used ITS, and Vicentini et al. (2008) used ndhF and phyB.
Spangler et al. (1999) included a particularly large sample of the Australian species
of Sorghum, Bomblies and Doebley (2005) focused on Zea and Tripsacum,
Hodkinson et al. (2002a) included many species of Saccharum and Miscanthus, and
Chen et al. (2009) focused on Microstegium. In these studies, other members of
Andropogoneae were included simply as placeholders. Plant material and DNA was
shared among the authors of several studies, so that studies from different labs used
some of the same plant accessions; for example, all sequences of Capillipedium
parviflorum were produced from a single plant. This is useful, in that any conflict
between gene trees cannot be due to misidentification or confusion of specimens.
On the other hand, it means that in some cases our view of the history of an entire
species is determined by the DNA sequences of a single plant.

More problematical for comparison among studies is the lack of resolution of the
trees. No study —even Mathews et al. (2002), which used more base pairs of DNA
than any of the others —was able to resolve the early radiation of the Andropogoneae.
Few mutations were found to link any of the clades, and many genera remain
unplaced relative to each other. This sort of phylogeny, with short internal branches
(few mutations) and longer terminal branches, is notoriously difficult to resolve and
generally requires large amounts of DNA sequence for large numbers of taxa (e.g.,
Baurain et al. 2007; Jian et al. 2008; Rokas and Carroll 2005; Wurdack and Davis
2009), an approach that has yet to be tried for the Andropogoneae. An attempt to
synthesize the available trees for this chapter by using a supertree approach pro-
duced a tree that was almost entirely unresolved (not shown).

The poor phylogenetic resolution of Andropogoneae, and general lack of appro-
priate taxon sampling, means that we do not know precisely where Saccharum,
Miscanthus and Sorghum fall within the tribe and what their closest relatives are.
Based on their morphology and molecular data, they clearly belong in the awned
Andropogoneae, a clade that includes about two thirds of the genera of the tribe.
Molecular data also show that they fall outside the core Andropogoneae, and thus
the genera of that group can be ruled out as near relatives. Some studies hint at a
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clade that includes both Saccharum and Sorghum (Bomblies and Doebley 2005;
Hodkinson et al. 2002a; Skendzic et al. 2007), but the group is not strongly supported.
Early studies linking the two genera included too few taxa to evaluate relationships
rigorously (Al-Janabi et al. 1994; Hamby and Zimmer 1988; Sobral et al. 1994).
Other genera that have been linked to the Saccharum/Sorghum group by one or
more studies include Cleistachne, Microstegium, Miscanthus, and Sorghastrum.
Skendzic et al. (2007) provide data on several species of Sorghastrum, but as with
all other studies, their relationship to Sorghum and to other Andropogoneae is
ambiguous.

3.2 Morphological Evolution

Members of Andropogoneae have paired spikelets, one of which is sessile and one
of which is pedicellate, although this characteristic is shared with many other
Panicoideae (Kellogg 2000a; Zanotti et al. 2010). The ancestral condition for the
tribe is for the lower flower of the sessile spikelet to be staminate, and the lemmas
acute, lacking awns. Anatomically, epidermal papillae appear to have been ances-
trally absent, and costal short cells in long rows (Watson and Dallwitz 1992). In
addition, in most species the rachis (inflorescence stalk) breaks up at maturity. This
character appears in the common ancestor of all members of the tribe except for
Arundinella. The disarticulating rachis is lost independently in several genera,
including Miscanthus and sorghum, although in sugarcane the lateral branches dis-
articulate as well. It also appears that hardened glumes, as exhibited by sorghum
and many other genera, originated at this same point in the phylogeny, but this char-
acteristic was lost later in evolutionary time.

All Andropogoneae use the C, photosynthetic pathway, and use NADP-ME as a
decarboxylating enzyme. Associated with this C, subtype, the vascular bundles
have a single sheath (Hattersley and Watson 1975). This photosynthetic pathway
might constitute a synapomorphy for the Andropogoneae (Christin et al. 2008), or
might have been derived earlier, possibly at the origin of the Panicoideae (Vicentini
et al. 2008). The optimization of this character on the phylogeny depends heavily on
the taxa included in the tree and also on the particular model of evolution used.

The earliest lineages of Andropogoneae, including Coix and the Zea-Tripsacum
clade, lacked awns on the lemmas. Most phylogenies suggest that these awnless
lineages form a paraphyletic grade, rather than a clade. In contrast, the awned
Andropogoneae, a group that includes about two thirds of the genera (ca. 55) appear
to be monophyletic, based on all molecular analyses to date (see above). (Some
analyses also include Coix here even though it is clearly awnless.) The awn is usually
twisted and hygroscopic, and is borne on the lemma. Awns are thought to be adapta-
tions for seed dispersal (Elbaum et al. 2007; Garnier and Dajoz 2001; Peart 1979,
1981, 1984; Peart and Clifford 1987), although they also affect seed provisioning
(e.g., Lietal. 2006; Motzo and Giunta 2002), and possibly also drought stress (Abebe
et al. 2010). Awns are lost in some taxa, including a few relatives of sugarcane.
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3.3 Chromosomal Evolution

The ancestral base chromosome number (n) for the Andropogoneae is most likely
10 (Spangler et al. 1999; Wilson et al. 1999). The subfamily Panicoideae has three
clades, one with x=9, one with x=10, and the Andropogoneae; the latter two are
sisters (Christin et al. 2008; Vicentini et al. 2008), further supporting 10 as the base
number. The earliest diverging genus in Andropogoneae is Arundinella, for which
chromosome numbers of 2n =16 (Basappa and Muniyamma 1981), 18 (Christopher
and Samraj 1985; Mehra 1982), 20 (Mehra 1982; Norrmann et al. 1994; Pohl and
Davidse 1971; Sahni and Bir 1985), 24 (Mehra 1982; Rudyka 1990), 34 (Mehra
1982; Sinha et al. 1990), 40 (Christopher and Samraj 1985), and 60 (Mehra 1982)
have been reported, although not all counts have been confirmed. Most other genera
of the tribe have chromosome numbers that are multiples of 10, although a few
include multiples of nine.

One popular idea is that the ancestor of the tribe had a 2n number of 10, and thus
a haploid number of 5 (Celarier 1956; Garber 1950). This creates some appealing
arithmetic to explain the origin of the two genomes of Zea. Proponents of this idea
point to the handful of species in Andropogoneae that exhibit n=>5 (Coix aquatica,
and members of Sorghum subg. Parasorghum (=Sarga)). However, the n=35 species
of Sorghum are clearly derived in the phylogeny (Spangler et al. 1999), pointing to
a secondary reduction in chromosome number. This evidence is further supported
by the finding (Paterson et al 2004, 2009) that the Sorghum bicolor (n=10) genome
has not experienced genome duplication or paleopolyploidy in 70 My or more, rul-
ing out the possibility of formation of its n=10 karyotype from n=35 sorghums.
Price et al. (2005) noted that the direction of evolution between n=10 and n=5
sorghums is ambiguous, but their analysis did not include any other Andropogoneae.
Garber (1950) and Price et al. (2005) found that chromosomes of the x=5 species
were considerably larger than those of the x=10 taxa; the x=5 sorghums also have
a higher 2C DNA content than the x=10 species (Price et al. 2005). These observa-
tions raise the possibility that x=5 represents an intriguing chromosomal fusion
event, rather than the ancestral base chromosome number. One can imagine that a
burst in retrotransposon activity could have led simultaneously to the abrupt increase
in genome size seen in this group, as well as the genome rearrangements that led to
five large rather than ten small chromosomes. Price et al. (2005) correct the pub-
lished data on S. leiocladum, noting that this species is actually n=35 rather than
n=10 as reported by Garber (1950) and cited by Spangler et al. (1999). They also
note that the report of n=>5 for S. nitidum is almost certainly an error, and that mul-
tiple accessions of this species are n=10.

Wilson et al. (1999) suggested an ancestral number of x==8 for maize, but this
number is quite rare in Andropogoneae. One species of Arundinella is reported with
this base number (Basappa and Muniyamma 1981), and Chasmopodium, with two
species living in West Africa, is reported to have n=8; Chasmopodium has not been
included in any phylogeny to date. Thus, if maize were convincingly shown to have
arisen from an x=8 ancestor, it would reflect a highly unusual set of chromosomal
rearrangements.
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To summarize the available chromosomal data, by far the majority of
Andropogoneae and their sister clade in Paniceae have a chromosome base number
of 10, not 5. A handful of taxa have chromosome numbers less than x=10. For con-
vincing phylogenetic evidence that these represent the ancestral state, these taxa
would have to be sisters to all other members of the tribe. Coix species sometimes
appear near the base of the tribe, but never with strong support, and Sorghum subg.
Parasorghum is always found to be derived. In addition, the genera Sorghum and
Arundinella (if not others) would have to be nonmonophyletic. Because neither of
these conditions holds, the phylogeny provides no evidence for n=5 as being ances-
tral. The evidence from chromosome size and DNA content is also equivocal. The
fact that the Sorghum species with x=35 have larger chromosomes could also indi-
cate that they are derived. The issue will only be resolved by genomic studies on the
taxa with chromosome numbers other than x=10.

4 Phylogeny of Saccharum and Miscanthus

Within the awned Andropogoneae is a group of species, including Saccharum and
Miscanthus, characterized by having sessile and pedicellate spikelets alike in form
and sex expression. Because of the lack of differentiation between the sessile and
pedicellate spikelets, Clayton and Renvoize (1986) postulated that these were the
most primitive of the Andropogoneae, but this hypothesis has not been supported by
molecular phylogenetic data.

The “Saccharum complex” was defined originally by Mukherjee (1957) to
include Narenga, Sclerostachya, Erianthus sect. Ripidium, and Saccharum. In most
species in this complex, the main axis of the inflorescence is tough and does not
break up at maturity; the lateral branches, however, disarticulate between the spike-
let pairs. The inflorescence axis and branches are covered with long hairs, as is the
base of the spikelet (callus). Although awned lemmas are common in this group,
awns fail to develop in some species.

Mukherjee (1957) did not include Miscanthus in his original delimitation of the
Saccharum group, but it was later added (Daniels and Williams 1975). Miscanthus
is morphologically similar to Saccharum, but the sessile spikelet is actually on a
short pedicel, and the lateral inflorescence branches do not break up at maturity.

The most comprehensive molecular phylogenetic study to investigate the
“Saccharum complex” (including Miscanthus) is that of Hodkinson et al. (2002a).
This study included multiple species of Saccharum and Miscanthus, as well as rep-
resentatives of Erianthus, Eulalia, Pogonatherum, Imperata, Narenga, and
Spodiopogon. As with all other phylogenetic studies in the group, the relationships
are mostly weakly supported, and the results are somewhat inconclusive.

Figure 1.3 summarizes the ITS phylogeny from Hodkinson et al. (2002a) show-
ing only groups that receive some support from their parsimony bootstrap analysis.
A group corresponding to the genus Saccharum in the strict sense (sensu stricto, or
s.s.) is well supported by the ITS sequences, and also when the trnL-F data are



67
100
100
63
100 —
L
(95) ‘
99 (100)
Rl
95 (95) 80
88 |
67 (86)
80 —
L
92 —
—
100 —
L

Fig. 1.3 Phylogeny of Saccharum and its relatives based on ITS sequences, redrawn from
Hodkinson et al. (2002a). Numbers above branches are parsimony bootstrap values. Branches with
less than 50 % bootstrap support are collapsed in this figure. Numbers in parentheses refer to sup-
port values obtained when the ITS data were combined with data for trnL-F. Sorghum robustum 1
and 2, and Miscanthus floridulus 1 and 2 are distinct paralogues from the same plant. Type species
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added (number in parentheses). There are two distinct clades of Miscanthus species.
Miscanthus clade 1 includes the type species of Miscanthus, M. ecklonii, as well as
species previously assigned to Erianthus, Sclerostachya, and Narenga; this group is
only moderately supported by ITS data, but receives stronger support when the
trnL-F data were added. Miscanthus clade 2 includes several species of Miscanthus
plus one ITS paralogue from Saccharum robustum. Miscanthus x giganteus is a
triploid derivative of M. sinensis and M. sacchariflorus (Hodkinson et al. 2002b), so
could also be assigned to this clade.

Several earlier studies produced preliminary results that are consistent with those
of Hodkinson et al. (2002a). Nair et al. (1999) used RAPD markers and found a
group corresponding to Saccharum s.s., and another similar to Miscanthus clade 1;
the analysis was phenetic, however (using Unweighted Pair Group Method with
Arithmetic Means, or UPGMA), and cannot be directly compared to phylogenetic
studies. Besse et al. (1997) used RFLP data to show that seven species of Erianthus
were distinct from two species of Saccharum, and Selvi et al. (2006) likewise found
a clear distinction between Saccharum species and Erianthus using AFLPs. Bacci
et al. (2001) generated an ITS phylogeny of sugarcane and its relatives, and also
found a clade corresponding to Saccharum s.s.

Within Saccharum, six species are commonly recognized: S. officinarum, S.
robustum, S. spontaneum, S. sinense, S. barberi, and S. edule, although the grass
species index at the Royal Botanic Gardens, Kew lists 37 names (http://www.kew.
org/data/grassbase/index.html). Relationships among the species are not well
resolved by available data. A study of DNA sequences from 18 chloroplast regions
suggested that S. spontaneum is sister to the remaining species (Takahashi et al.
2005). This contradicts the results of several other studies, including the relation-
ships shown in Fig. 1.3. However, an extensive review of Saccharum literature
(Chap. 3 of this volume) supports this relationship, also generally viewing S. sin-
ense, S. barberi, and S. edule as forms of S. officinarum modified by interspecific
hybridization with S. spontaneum. Few of the studies have used accepted phyloge-
netic methods, and none has attempted to dissect the complex reticulate history of
the Saccharum species using multiple single copy nuclear genes. It is virtually cer-
tain that the relationships within the genus Saccharum are not strictly divergent, and
hence attempts to represent them as a tree are probably misleading.

5 Phylogeny of Sorghum

Sorghum has a highly branched panicle that is superficially quite different from the
set of long racemes of Saccharum. The glumes are hardened, as is characteristic of
many Andropogoneae. The sessile and pedicellate spikelets are quite different mor-
phologically, with the pedicellate spikelet generally much smaller than the sessile
one and either staminate or sterile.

Sorghum has been the subject of several molecular phylogenies, of which two
have included all or nearly all the species (Dillon et al. 2007; Ng’uni et al. 2010).
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The genus has also been the subject of a recent monograph (Spangler 2003). Thus,
we know what species are in the genus and what their relationships are. Ng’uni et al.
(2010) used noncoding regions of the chloroplast and the ITS; Dillon et al. (2007)
added data on a nuclear gene (Adhl) to her previous data on ITS1 and ndhF (Dillon
et al. 2004).

Both Dillon et al. (2007) and Ng’uni et al. (2010) found two well-supported major
clades within Sorghum. Clade 1 includes Sorghum bicolor and its close relatives S.
halepense, S. propinquum, S. arundinaceum, S. almum, and S. drummondii, support-
ing earlier work (Sun et al. 1994). (Note that DeWet (1978) places most species of
this group except S. halepense and S. propinquum in the synonymy of S. bicolor;
however, he does not deal with S. almum.) These species are all African except for S.
propinguum, which is Asian, and are all part of the secondary gene pool of grain sor-
ghum (8. bicolor) (Price et al. 2006). Also in Clade 1 are Sorghum macrospermum
and S. laxiflorum, two Australian species that are clearly sisters and are more closely
related to cultivated sorghum than any of the other Australian species (Dillon et al.
2004).

Clade 2 within Sorghum includes the 17 species have been assigned to subgenera
Stiposorghum and Parasorghum, all Australian species that can be recognized eas-
ily by their bearded nodes (Snowden 1935). The Australian species of Sorghum are
not interfertile with cultivated sorghum, and pollen from members of one group will
not germinate on the stigmas of the other (Garber 1950; Hodnett et al. 2005; Price
et al. 2006). All phylogenetic studies support the Australian clade, but show that
species of the two subgenera are intermixed (Dillon et al. 2007; Ng’uni et al. 2010;
Spangler et al. 1999; Sun et al. 1994). Spangler (2003) evaluated morphological
similarities among the 17 species and concluded that there were only seven, although
Dillon et al. (2007) argued for reinstating several (Table 1.1).

The trees differ in the placement of S. nitidum, a widespread species of Australia
and Asia. Ng’uni et al. (2010) place it sister to Clade 2, whereas Dillon et al. (2007)
place it within that clade, sister to S. leiocladum. Sun et al. (1994) place S. nitidum
as sister to the African sorghums, and Spangler et al. (1999) place it sister to S.
laxiflorum. Resolution of its placement will probably require sampling of multiple
individuals from different parts of its range.

Cleistachne sorghoides has been included in some studies but not others. The
plants look similar to cultivated sorghum (hence the specific epithet) but lack the
pedicellate spikelet; a close association of the two genera has been postulated since
the 19th century (Hackel 1889). Both Sun et al. (1994) and Dillon et al. (2004)
placed Cleistachne among the Australian sorghums, a somewhat surprising result
because Cleistachne is African. However, Dillon et al. (2007) place Cleistachne sis-
ter to the clade made up of subg. Sorghum and Heterosorghum. The difference likely
reflects the signal from Adhl, which was only included by Dillon et al. (2007).

Monophyly of sorghum in its traditional sense (i.e., clades 1 and 2 together) is
neither proven nor disproven by available data. Dillon et al. (2007) strongly assert
that Sorghum is monophyletic. However, both they and Ng’uni et al. (2010) begin
with an assumption of monophyly, and do not include Microstegium, Saccharum,
Miscanthus, Erianthus, Imperata, Sorghastrum, or any of the other taxa that could
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Table 1.1 Alternate classifications of the genus Sorghum

Single genus classification (Dillon et al. 2007)

Three-genus classification (Spangler 2003)

Sorghum subg. Parasorghum
Sorghum angustum
Sorghum ecarinatum
Sorghum interjectum
Sorghum intrans
Sorghum leiocladum
Sorghum nitidum
Sorghum plumosum (=S. grande)
Sorghum purpureo-sericeum
(=S. pappii, S. deccanense, S. dimiditum)
Sorghum timorense
(=S. amplum, S. australiense,

S. brachypodum, S. brevicallosum,

S. bulbosum, S. matarankense,

S. mjoebergii, S. stipoideum)
Sorghum trichocladum
Sorghum versicolor

Sorghum subg. Sorghum

Sorghum bicolor
Sorghum halepense

Sorghum propinquum

Sorghum x almum

Sorghum x drummondii
Sorghum subg. Chaetosorghum

Sorghum laxiflorum

Sorghum macrospermum

Sarga
Sarga angustum
[not named in Sarga]
[not named in Sarga]
Sarga intrans
Sarga leiocladum
[not named in Sarga]
Sarga plumosum
Sarga purpureo-sericeum

Sarga timorense

Sarga trichocladum
Sarga versicolor
Sorghum
Sorghum bicolor
(=S. propinquum, S. x almum,
S. x drummondii)
Sorghum halepense
Sorghum nitidum

Vacoparis
Vacoparis laxiflorum
Vacoparis macrospermum

be related to one or the other of the sorghum clades. Spangler et al (1999) and
Hodkinson et al. (2002a) included a broad sample of Sorghum species and found
that the well-supported clades might not actually particularly closely related
(Fig. 1.3). However, because of the lack of resolution of the backbone of the tree,
monophyly of the genus cannot be ruled out.

6 Classification of Saccharinae and Sorghinae

In an ideal world, the classification of a plant would be based directly on its position
in a phylogenetic tree, such that the name provides unambiguous information on
genealogical relationships. Much taxonomic effort in recent years has gone into gen-
erating such trees, and adjusting classifications to reflect current knowledge of rela-
tionships. In the case of Saccharinae and Sorghinae, unfortunately, the molecular data
are inconclusive, so that current classifications rely on a mix of morphological obser-
vations (the traditional classification) and fragmentary knowledge of relationships.
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Saccharinae and Sorghinae are subtribes within the larger tribe Andropogoneae.
The International Code of Botanical Nomenclature (ICBN) (McNeill et al. 2007)
requires only the ranks of family, genus and species, but provides intermediate ranks
to be used as needed. In the grass family it is conventional to divide the family into
subfamilies, the subfamilies into tribes and the tribes into subtribes. There are 12
subfamilies currently recognized (Grass Phylogeny Working Group 2001), of which
the subfamily Panicoideae is one. Panicoideae is in turn divided into several tribes,
one of which is Andropogoneae. The rank of subtribe is not used nearly as often as
the others, and thus is much less familiar. Perhaps because of this, membership of
subtribes tends to receive little attention, and changes to that membership likewise
are often poorly known.

Because the application of the name Saccharinae is so variable, I need to provide
a brief overview of how naming proceeds and what rules govern it. Grouping, rank-
ing, and naming are separate activities in taxonomy (Judd et al. 2007). Grouping is
the process of deciding which organisms belong together (e.g., which plants are
closely enough related to be designated a species, which species belong together to
form a genus, etc.). Current taxonomic practice groups organisms together if they
constitute all the descendants of a single common ancestor, i.e., if together they form
a clade (a monophyletic group). Grouping thus depends absolutely on a phylogenetic
tree to determine which sets of organisms are monophyletic. Historically, however,
grouping often depended solely on the way the organisms looked (their morphology)
so that groups were made up of similar-looking organisms. These might be similar
because of shared ancestry —i.e., similar morphology might indicate that they were
all a member of a monophyletic group—or because of convergence—i.e., they might
be grouped together even though they had little in common.

Ranking is second. Once a group is defined as monophyletic, the rank (genus,
subtribe, tribe, subfamily, etc.) is determined. Unlike grouping, in which clear crite-
ria can be applied, ranking is arbitrary and is determined by convention. Thus, a
tribe, subtribe, or genus does not need to have a particular size or age or amount of
morphological disparity; the ranks are simply relative. The primary criterion for
ranking is thus simply nomenclatural stability. For example, the Andropogoneae
could be considered a subfamily (rather than a tribe), but there is no particular rea-
son to do so, and it remains a tribe by convention.

The third step is naming. Once a group has been identified and the rank is decided,
then the taxonomist considers any name at that rank that has ever been applied to
any member of that group. If the group contains more than one name, then the oldest
name will be applied.

This process may be illustrated by reference to Fig. 1.3. The clade labeled
Saccharum s.s., is a monophyletic group and hence fulfills the grouping criterion;
the rank stays at the level of genus for stability. Included in the group are the species
S. barberi, S. edule, S. robustum, S. spontaneum, S. sinense, and S. officinarum,
which were named in 1925, 1842, 1946, 1771, 1818, and 1753, respectively. The
oldest name is Saccharum officinarum, applied by Linnaeus to the cultivated sugar-
cane. Therefore, S. officinarum is the type species for Saccharum, and any genus-
level group that includes S. officinarum must be called Saccharum.
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Likewise, the type species of Miscanthus is M. ecklonii, which is in Miscanthus
clade 1. Also in Miscanthus clade 1 are the type species of Narenga (S. narenga)
and of Sclerostachya (S. fuscum, which is another name for Miscanthus fuscus).
Because the dates for Miscanthus, Narenga, and Sclerostachya are 1856, 1889, and
1940, respectively, the names Narenga and Sclerostachya can be discarded in favor
of the oldest name, Miscanthus.

Erianthus, however, complicates the issue. The name Erianthus was created in
1803 (Michaux 1803), to accommodate species that looked similar to Saccharum,
but had awns. The type species is E. saccharoides, a species that is also known as
Saccharum giganteum. If a future study placed E. saccharoides with the two other
species of Erianthus, in Miscanthus clade 1, then the name Erianthus would take
precedence over Miscanthus.

Meanwhile, “Miscanthus™ clade 2 includes no type species and hence there are
no names associated with this clade. Hodkinson et al. (2002a) place Miscanthus
clade 2 sister to Saccharum, although with very little support. If future data support
a strong relationship between Miscanthus clade 2 and Saccharum, then the name
Saccharum would take precedence for the whole group and such taxa as M. sinensis
would be renamed as species of Saccharum.

To summarize what we know about generic limits, sugarcane and its immediate
relatives in the genus Saccharum form a clade. The names Narenga and Sclerostachya
clearly do not refer to distinct evolutionary lineages and should be dropped. The
limits of the genera Miscanthus and Erianthus are unclear, as is their relationship to
Saccharum.

Within Sorghum s.1., the taxonomic problem is only partially a grouping problem;
it is also a ranking problem. All data point to the same three clades within the genus
(Table 1.1). If the genus Sorghum is considered in its broad sense, then the three
clades remain subgenera (or sections; the choice is arbitrary and names have been
validly published at both ranks). Subgenus Eu-sorghum should be subg. Sorghum
because the ICBN requires dropping the prefix “eu” for the type subgenus (McNeill
etal. 2007). Chaetosorghum and Heterosorghum can be merged as recommended by
Dillon et al. (2007). The two were created simultaneously by Garber (1950), so the
choice of which name to use is arbitrary; I suggest Chaetosorghum here.

Parasorghum and Stiposorghum should also be merged; the name Parasorghum
is older than Stiposorghum (1935 vs. 1950), so takes precedence. However, if the
genus is split up, the same three clades become Sorghum s.s, Sarga, and Vacoparis
(Spangler 2003) (Table 1.1). At issue is a grouping question at the next higher level
of the taxonomic hierarchys; it is not clear whether Sorghum s.1. is monophyletic.
Note also that Spangler (2003) had a broader concept of S. bicolor than other authors
(Table 1.1).

The phylogenetic and taxonomic problems just described for the genera are
echoed in the difficulties with the subtribes. The genera of Saccharinae and
Sorghinae, as delimited by Clayton and Renvoize (1986), are listed in Table 1.2.
Because of the apparent close relationship between members of the Saccharum
complex and Sorghum, it is possible that the two groups should be merged.
Addressing first the issue of grouping, several genera currently included in the
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Table 1.2 Classification of Saccharinae and Sorghinae
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Clayton and Renvoize (1986)

This paper, classification I

This paper, classification II

Subtribe Saccharinae

Subtribe Saccharinae

Subtribe Saccharinae

Eriochrysis Erianthus Asthenochloa
Eulalia Eriochrysis Cleistachne
Eulaliopsis Eulaliopsis Erianthus
Homozeugos Homozeugos Eriochrysis
Imperata Imperata Euclasta
Lophopogon Leptatherum Eulaliopsis
Microstegium Lophopogon Hemisorghum
Miscanthus Miscanthus Homozeugos
Pogonatherum Pogonatherum Imperata
Polliniopsis Polytrias Leptatherum
Polytrias Saccharum Lophopogon
Saccharum Miscanthus
Spodiopogon Pogonatherum
Polytrias
Subtribe Sorghinae Subtribe Sorghinae Pseudosorghum
Asthenochloa Asthenochloa Saccharum
Bothriochloa Cleistachne Sorghastrum
Capillipedium Euclasta Sorghum s.1.
Chrysopogon Hemisorghum Spathia
Cleistachne Pseudosorghum
Dichanthium Sorghastrum
Euclasta Sorghum s..
Hemisorghum Spathia

Pseudichanthium
Pseudosorghum
Sorghastrum
Sorghum
Spathia

Vetiveria

Molecular data are available for taxa shown in boldface

Saccharinae and Sorghinae can be excluded based on molecular data. Bothriochloa,
Capillipedium, and Dichanthium clearly are more closely related to the core
Andropogoneae. Likewise, data presented by Hodkinson et al. (2002a) suggest that
Spodiopogon may be more closely related to the core Andropogoneae and should
perhaps be excluded. The genus Microstegium is not monophyletic (Chen et al.
2009; Spangler et al. 1999). While M. nudum is related to Saccharum and Sorghum,
M. vimineum is not. M. nudum has been assigned to the genus Leptatherum (Chen
et al. 2009), and Microstegium s.s. excluded from Saccharinae. Polliniopsis is con-
sidered to be part of Leptatherum (Chen et al. 2009).

If Saccharinae and Sorghinae are merged, then the name Saccharinae will take
precedence. Saccharinae was first described in 1844. While Clayton and Renvoize
(1986) indicate that Sorghinae was described in 1836, a check of the original publi-
cation shows that the name was not validly published (Soreng et al. 2008); the name
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was formally, if inadvertently, validated by Clayton and Renvoize (1986) so that
1986 becomes the effective publication date. Since it is later than 1844, Saccharinae
has priority.

Sufficient data are not available for a definitive answer to what should be included
in Saccharinae. However, there are two possibilities that could be suggested here.
Possibility 1 would keep the two tribes separate until additional phylogenetic data
can be assembled to test whether they truly form a clade. Possibility 2 would be to
subsume Sorghinae into Saccharinae, on the assumption that they will eventually be
shown to form a clade, but that neither is monophyletic on its own. Saccharinae
would then include Saccharinae s.s. plus parts of the former Sorghinae.

7 Summary and Conclusions

In summary, the phylogenetic data support several conclusions. Saccharum s.s. and
Sorghum s.s. are each monophyletic. Narenga and Sclerostachya are not distinct
genera. Within Sorghum, subgenus Stiposorghum can be merged into Parasorghum,
and Heterosorghum into Chaetosorghum. Sugarcane, Miscanthus, and sorghum are
members of the awned Andropogoneae, and as such are relatively distantly related
to the Zea/Tripsacum clade. They are also not closely related to the core
Andropogoneae. Neither the Saccharinae nor the Sorghinae as defined by Clayton
and Renvoize (1986) is monophyletic.

However, despite multiple phylogenetic studies, many problems remain in the
phylogeny and classification of the Saccharinae and Sorghinae. The circumscription
of the subtribe(s) is unclear; the data hint at the very real possibility that Saccharinae
should in fact be expanded to include Sorghinae. The clade most closely related to
Saccharum is uncertain, and it is not clear what species should be included in
Miscanthus and Erianthus, or whether either name should be retained at all. Sorghum
s.l. may or may not be monophyletic.

As with many such phylogenetic problems, the solution will require collecting
much more sequence data for many more species. It will be important to include all
species and genera that might possibly be involved in the phylogenetic problem, and
to expand the study beyond any single genus.

Acknowledgment I thank Editor Andrew Paterson for helpful comments on the manuscript.
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Chapter 2
The Gene Pool of Sorghum bicolor
and Its Improvement

Clarissa T. Kimber, Jeff A. Dahlberg, and Stephen Kresovich

Abstract Sorghum, a genus having evolved across a wide range of environments in
Africa, exhibits a great range of phenotypic diversity and numerous resistances to
abiotic and biotic stresses. Sorghum is recognized as a highly productive, drought
tolerant, C, cereal that provides humankind with food, feed, fuel, fiber, and energy,
particularly in the semiarid tropics of the world.

Sorghum has been collected and conserved over the past 50 years and numerous
international and national collections exist. The major collections have in excess of
40,000 accessions and much of the native diversity of cultivated sorghum is repre-
sented. However, much of the diversity of the wild races of sorghum is underrepre-
sented in these same collections. Over the past decade, the major collections have
benefited by efforts to better characterize these accessions but these efforts have not
significantly increased use of the materials. Therefore, despite a significant number
of collections and holdings, much of the diversity of sorghum remains untapped.

Over the past decade, tremendous progress has been made to build the molecular
and genomic foundation required to increase our understanding of sorghum diver-
sity in the genome and gene pool and, ultimately, to link this information to crop
improvement. Sorghum represents the first crop genome of African origin to be
sequenced (Paterson et al. Nature 457:551-556, 2009) and, through coordinated
national and international efforts, high-density genetic and physical maps, extensive
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sets of RFLP and SSR markers, association (Casa et al. Crop Sci 48:30—40, 2008)
and diversity panels (Deu et al.Genome 49:168—180, 2006), nested association
mapping populations, and other resources are readily available for use for scientific
investigations and breeding efforts. The generation and use of these genomic
resources have added to our insights about sorghum domestication and diversity.
Future studies will enrich our understanding and provide increasing resolution to
quantify and use both wild and domesticated sources of diversity in crop
improvement.

Keywords Bottleneck ¢ Collections ¢ Conservation ® Diversity ® Domestication ®
Evolution * Genome ® Races * Selection

1 Properties of the Species

1.1 Introduction

Having been domesticated for a variety of useful products and cultivated in a broad
range of environments, sorghum exhibits a great range of phenotypic diversity.
Around the world, sorghum is grown for the production of dense grain panicles (for
food, feed, and/or energy), tall, thick sweet stalks (for food, feed, and/or energy),
and various forage types (for feed and fuel). Through advanced genetic manipula-
tion, striking divergence among the different forms of sorghum can occur (see
Fig. 2.1). In regions where mechanical harvesting predominates, grain types tend to
be short in stature (0.5—1.0 m) with a large erect stem supporting a semicompact or
compact panicle. In regions where manual harvesting is still practiced and multiple
plant parts are desired, the plant may be tall (3—5 m) with an open panicle.

As a member of the grass family, sorghum represents a robust, cane-like species.
It has the ability to tiller, regrow following harvest, and produce a fibrous, deep root
system. Sorghum leaf blades, similar in appearance to those of its close relative
maize, may be up to a meter in length with a width of 10-15 cm. As a drought toler-
ant, nutrient use efficient, C, species, it is highly productive and resilient.

The panicles and grains of the Sorghum species can vary widely in shape and
size and represent a means for racial classification. Sorghum panicles are made up
of perfect flowers, and it is considered a self-pollinated species; however, outcross-
ing can be as high as 70 % in certain races in particular environments.

Originating in Sudan and Ethiopia, sorghum in nature is a short-day plant and
photoperiod sensitive. Elite germplasm, however, has been bred to be photoperiod
insensitive with multiple maturity classes based on manipulation of various known
maturity genes. Sorghum is predominantly propagated by seed, but some species (S.
halepense and S. propinquum) expand their cover through the production of rhi-
zomes. As such, Sorghum species are represented by both annual (maturing in
approximately 60—180 days) and perennial types.
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Fig. 2.1 Areas of origin and development for the domesticated races of bicolor and possible
migration routes

1.2 Evolution and Domestication of the Species

The largest diversity of cultivated and wild sorghum is in Africa (Doggett 1970; de
Wet and Harlan 1971; de Wet 1977). The great diversity of S. bicolor was created
through disruptive selection and by isolation and recombination in the extremely
varied habitats of northeast Africa and the movement of peoples carrying the spe-
cies throughout the continent (Doggett 1970, cited in Miller 1982). There seems no
argument that sorghum plants are African in origin, with the earliest known record
of sorghum found in 8000 BP charred remains of sorghum at the Nabta Playa in
Southern Egypt (Dahlberg and Wasylikowa 1996), but the domestication event(s)
may also have taken place elsewhere and more than once.

Based on experiments and on the work of Snowden (1936), Harlan (1995) and his
associates confirmed that “all of the races belong to the same biological species and are
fully fertile when hybridized.” For the cereal sorghums, they identify four wild races
and five cultivated races (Harlan and Stemler 1976). The four wild races of Sorghum
bicolor are arundinaceum, virgatum, aethiopicum, and verticilliflorum. They are now
placed in S. bicolor subspecies verticilliflorum, formerly subspecies arundinaceum.
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Using de Wet and Rao’s interpretation (de Wet and Rao 1986), Doggett (1988) puts the
four weedy races under S. bicolor subspecies verticilliflorum even though de Wet ear-
lier (de Wet 1977) thought they were well-defined ecotypes and should not be given
formal taxonomic status.

The cultivated races as presently conceived are (1) bicolor, the primitive type, (2)
guinea, (3) kafir, (4) caudatum, and (5) durra. Intermediates that are caused by
hybridization of races exhibit characters of both parents. All will also breed with
wild species with which they are sympatric. These cultivated races are placed in S.
bicolor subspecies bicolor. Comparison of the distribution of the wild and culti-
vated races indicates a narrower concentrated band of the cultivated races in the
east—west line across and north—south line on the eastern part of the continent than
for the wild races. Such a distribution is support for the dispersal of sorghum taxa
by migrating peoples across the Sahel-Sudan grasslands and southward from the
Nile Valley region along the Great Rift (Murdock 1959; Harlan 1995).

Snowden (1936) took the position that sorghum had separate centers of origins
for different types. According to Snowden, wild race aethiopicum gave rise to races
durra and bicolor, arundinaceum to guinea, and verticilliflorum to kafir. de Wet and
Huckabay (1967) had much the same understanding except they proposed that dur-
ras came out of kafirs. Doggett (1965) suggested that the diversity seen in the wild
forms might reflect human manipulation and intervention associated with the selec-
tion of domesticated types.

Today, bicolor is distributed widely but is nowhere dominant among the African
regions with cultivated sorghums. Bicolor, however, is not only widely distributed
in Africa but is also apparently ancient in Asia, coastwise from India to Indonesia to
China (de Wet and Price 1976). How bicolor migrated out of Africa is unknown, as
are the people who were responsible for its diffusion. Cultivated sorghum may have
reached China from Indochina by way of the Mekong River or other river valleys.
Hawkes (1973) asserts that Semitic speakers from Africa carried their culture to
India before 3000 B.C. This may have been one avenue on which sorghum moved
off the coast of Africa and into India.

Today, we see the four wild races distributed throughout the African continent,
based on their biological traits. The wild race arundinaceum is distributed largely in
wet and humid parts of forested central and west Africa along stream banks and in
clearings, which are not suitable environments for the cultivated races. The Nile
Valley proper is a region of seasonal flooding, with wild grasses such as S. virgatum
among the first colonizers after the waters recede. It also is found in disturbed ripar-
ian habitats in the Sudan. Based on the biology of this wild species, Harlan’s group
rejects it as the source of the cultivated types. Race aethiopicum is found in the
Kassala region of the Sudan, more sparsely to the west along the fringes of the
Sahara, and in Ethiopia. Based on the ecology of the wild races, this leaves S.
verticilliflorum, widely distributed throughout the sorghum-growing areas, includ-
ing the savanna zone of eastern and southern Africa (although not well represented
in Nigeria), and morphologically appropriate as the parent race for S. bicolor (Harlan
1992). This position is a change from the position 20 years previously when Harlan
and de Wet considered aethiopicum/verticilliflorum as a complex that was the prim-
itive primogeniture of the cultivated races.
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Fig. 2.2 Sorghum phenotypic diversity for height (leff) and panicle (right)

The cultivated races also are found in different regions of Africa according to their
biological traits and also their histories of distribution (see Fig. 2.2). The guinea race
is basically a West African race but also has a distribution in the mountains of eastern
Africa that receive high rainfall amounts. In an earlier publication, Harlan and Stemler
(1976) considered the guineas to be the oldest of the specialized races because of its
relatively wide distribution and diversity. It is better adapted to atmospheric condi-
tions that are more wet and humid than are other domesticated races. Its relatively lax
panicle provides for the movement of air among the seeds on individual panicle
branches. Other scientists have concluded that as bicolor moved west, it came into
contact with wild S. arundinaceum, and is now found with it in mixed populations,
thus picking up some adaptive genetic material through introgression, and from these
the race guinea evolved. All three biotypes can be found in feral populations today,
especially across the African savannas. Plants of this race can tolerate up to 5,000 mm
of rainfall. Guineas moved into east Africa and humid, foggy southeastern Africa and
then were transported, probably from east African ports to the Malabar coast of India
(Vishnu-Mittre 1974; Harlan and Stemler 1976; Kimber 2000, Fig. 2.2).

According to Stemler et al. (1975), race caudatum is a later domesticate than
bicolor and guinea, having been segregated out of bicolor in the ancestral home ter-
ritory of that race. Caudatum is associated with peoples speaking the Chari-Nile
language group. Groups in areas outside the territory of these peoples use the cau-
datums; however, such groups have only been within the trade area of the Chari,
such as Ethiopia and Cameroon (Stemler et al. 1975). Stemler and her associates
concluded that caudatums of the Ethiopian highlands are intrusive, probably
acquired by trade. These plants, described as being adapted to harsh conditions, are
found most commonly in areas receiving from 250 to 1,300 mm of rain annually.
(Stemler et al. 1975, 1977).

De Wet (1978) and Harlan et al. (1976) concluded that race kafir was derived
from an early bicolor race, which had been carried east and south from the Savanna
belt. Electrophoresis data collected by Schecter and de Wet (1975) suggest that the
kafirs are more closely associated with wild race verticilliflorum. The kafir sor-
ghums are very much associated with the Bantu-speaking peoples of eastern and
southeastern Africa. It is known that the Bantu entered this part of Africa from the
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western forested regions to the north and may have migrated before the guinea race
was segregated from the race bicolor. Kafirs may have been taken to the Indian
plateau edge ports after discovery of the monsoon wind systems by traders in the
western Indian Ocean. This route is different from the route via the northern ports,
so it may be a later development than the movement of bicolors to the Indus Valley
and Punt, or it may be a second migration into the southern plateau area, having
been preceded by bicolor.

The compact panicle and predominantly white seeds of race durra are indications
of adaptation to low-rainfall environments with a low risk of grain mold (Mann
et al. 1983). The most important grain in Ethiopia, it is found strictly north of the
equator in Africa. It is an important type in India and may have been domesticated
there (Harlan and Stemler 1976). The name is derived from an Arabic root. Until
recently, the durras were almost entirely cultivated by Muslim Africans and Arabic
people in Ethiopia. Harlan et al. (1973) reported that the main growers of durra
sorghum in Ethiopia are the Muslim Oromo (Gallo), who settled the fertile warm
highland almost 500 years ago and have used race durra sorghum as the foundation
of their agricultural system. Durras are presently distributed in the mid-altitude
highlands of Ethiopia, the Nile Valley of Sudan and Egypt, and in a belt 10-15°
north latitude from Ethiopia to Mauritania. They are grown also in the Islamic and
Hindu areas of India and Pakistan.

The kaoliangs (galiangs) of China are also thought to be derived from races of
bicolor introduced from India to China (Harlan 1995). Alternatively, they may be
derived from wild diploid sorghums with which they were compatible (Harlan
1995). At one time they were considered native to Manchuria (Quinby 1974).
According to Harlan (1995), the Chinese kaoliangs are more fibrous and have been
selected for nongrain uses such as basketry, fencing materials, and house construc-
tion materials. Broomcorn sorghum is thought to be part of the story, as are the
sorgos such as amber cane. In some regions, the Chinese use the grain in the prepa-
ration of a fiery whiskey called mai-tai.

In Southeast Asia and Indonesia, the sorghum are different as well. S. propin-
quum is found in southern China through Thailand, Cambodia, Malaya, and Burma
to the Philippines (Burkill 1966). These sorghum are characterized by very large,
loose, open panicles and may also have a history different from those of the African-
based races (Harlan 1975; Doggett 1988). In fact, recent molecular studies show
that S. propinquum exhibits approximately an 1.2 % nucleotide difference in coding
regions of the genome from S. bicolor, suggesting a divergence of 1-2 million years
between the two sorghum (Feltus et al. 2004).

1.3 Domestication and Its Effect on Genome
and Gene Pool Diversity

Over the past decade, tremendous progress has been made to build the molecular and
genomic foundation required to increase our understanding of sorghum diversity in
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the genome and gene pool. In complement, these genomic resources currently are
being deployed in sorghum improvement efforts across the world. Sorghum repre-
sents the first crop genome of African origin to be sequenced (Paterson et al. 2009)
and, through coordinated national and international efforts, high-density genetic and
physical maps, extensive sets of RFLP and SSR markers, association (Casa et al.
2008) and diversity panels (Deu et al. 2006), nested association mapping popula-
tions, etc., are readily available for use for scientific investigations and breeding
efforts.

The generation and use of these genomic resources have added to our insights of
sorghum domestication and diversity. Future studies will enrich our understanding
and provide increasing resolution to quantify and use both wild and domesticated
sources of diversity in crop improvement.

At the genomic level, diversity studies have focused on measure of neutral diver-
sity (simple sequence repeats, single nucleotide polymorphisms, etc.), genic diver-
sity, and linkage disequilibrium. In all cases, the domestication process has had a
major effect on how much diversity is present and how it is organized in the genome
and gene pool.

In recent years, a number of studies of genomic architecture and diversity of
sorghum have been undertaken (Casa et al. 2005, 2006, 2008; Hamblin et al. 2004,
2005, 2006; de Alencar Figueiredo et al. 2008). Hamblin and her colleagues (2004)
observed an average of one single nucleotide polymorphism (SNP) about every 120
nucleotides of a sample that included a survey of approximately 30 cultivated and
wild sorghum accessions and 96 loci representing 29,186 bases of DNA. This is
about one-fourth the frequency observed in a comparable sample of maize (Tenaillon
et al. 2001). Subsequent studies, across a broader range of sorghum, have yielded
similar results (de Alencar Figueiredo et al. 2008).

Studies of linkage disequilibrium in sorghum are of interest because they provide
evidence of both equilibrium (e.g., mating system or long-term population structure)
and nonequilibrium (e.g., demographic or selective) processes, and also because of
their importance in strategies for identifying the genetic basis of complex traits of
importance to agriculture. Hamblin and her associates (2005) randomly surveyed six
unlinked genomic regions of sorghum and found that patterns of linkage disequilib-
rium ranged from a few thousand to tens of thousands of bases. An average value of
approximately 15 kb suggests that sorghum may be well suited for association stud-
ies using a reasonable number of markers. This is in sharp contrast to maize where
linkage disequilibrium decays in less than 2 kb in many instances. Moving from
studies of genomic to gene pool diversity also has been rapid; this transition likely
occurred because of the wealth of molecular tools accessible in sorghum.

Deu and her associates (2006) evaluated a diverse core collection of 210 acces-
sions representing the cultivated races. Two major geographic poles for sorghum evo-
Iution and differentiation were established (northern and southern equatorial types).
The absence of rare alleles in the southern equatorial accessions (kafir, guinea, and
caudatum) fits with the classical view that southern equatorial sorghums evolved later
from other African sorghum. Additionally, in support of the historical studies, Deu
found that morphological race had a major effect on patterns of genetic diversity.
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Additionally, Deu and her colleagues (2006) quantified amount of diversity within
race (based on a measure of gene diversity, mean number of alleles, its presence
within the defined clusters of accessions) noting that the greatest levels were found
with the races bicolor and guinea. Kafir represented the race with the most limited
representation of diversity, and this finding likely reflects the classical view of this
race and its recent origin and restricted geographic distribution. The assessment of
kafir’s limited diversity (based on restriction fragment length polymorphisms) is
consistent with a complementary simple sequence repeat analysis of wild and domes-
ticated sorghum accessions conducted by Casa and her colleagues (2005).

Like in other crop species, the process of domestication has reduced the amount
of diversity present in the cultivated gene pool of the species. Casa and her col-
leagues (2005) noted the reduction across loci (as measured by simple sequence
repeat analysis) was equivalent to 86 % of the diversity as observed in the wild sor-
ghums. Statistical methods for identifying genomic regions with patterns of varia-
tion consistent with selection yielded approximately 10 % of the screened loci
possibly under some selection pressure. Interestingly, approximately two-thirds of
these loci mapped in or near genomic regions associated with domestication-related
QTLs (including seed shattering, seed weight, and rhizomatousness).

However, domestication and crop improvement is not always a “one-way” street
representing an ever-present move toward reduced diversity. De Alencar Figueiredo
and others (2008) studied diversity relationships in sorghum for six candidate genes
associated with grain quality and established that in some cases, the genes Waxy and
Amylose extender 1, novel variation was detected (via positive selection), suggest-
ing that postdomestication mutations had occurred and were seen as desirable. Also,
these variants subsequently were conserved and increased in frequency and range
under human selection. These recent findings have important implications for
genetic diversity conservation and use. With increasing access to and cost-effective
use of molecular tools, curators now will be able to establish high-resolution studies
of diversity in their collections and in natural settings.

2 Centers of Diversity: Current Status of Sorghum Collections

2.1 Global Status of Sorghum

Investigators continue to collect new and additional land races from isolated farm-
ers’ fields (Benor and Sisay 2003), and various collections have been assembled
world-wide that represents much of the genetic diversity that can be found in sor-
ghum. Major collections from the site of origin of sorghum exist for Ethiopia and
Sudan, while other collections representing the major races and working groups of
sorghum have been compiled in areas such as Mali, South Africa, India, and China.
Internationally, two collections have worked to bring most, if not, all of these vari-
ous collections together; the International Crops Research Institute for the Semi-
Arid Tropics (ICRISAT) located in Andhra Pradesh, India and the National Center
for Genetic Resources Preservation, located in Fort Collins, Colorado, USA.
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Table 2.1 Major sorghum collections from various countries from around the world
% of total holdings

Country Institute No. of accessions (194,250 acc.)
USA USDA-ARS-PGRCU 43,104 22.2
Global ICRISAT 36,774 18.9
India NBPGR 18,853 9.7
China CAAS 18,250 9.4
Ethiopia IBC 9,772 5.0
Brazil EMBRAPA 8,017 4.1
Russia VIR 7,335 3.8
Zimbabwe NPGRC 7,009 3.6
Australia DPI 5,403 2.8
Sudan PGRU-ARC 4,191 2.2
Mali IER 2,975 1.5
France CIRAD 2,690 1.4
Kenya NGBK 1,320 0.7
Zambia NPGRC 1,005 0.5
South Africa NPGRC 428 0.2
Malawi NPGRC 401 0.2
Nigeria NCGRB 159 0.1
Serbia Inst. Field and Vegetable crops 152 0.1
Global ILRI 52 0.0
Total 19 institutes 167,890 86.0

(From the “Strategy for the Global Ex Situ Conservation of Sorghum Genetic Diversity”)

In 2006, the Global Crop Diversity Trust initiated a review of the sorghum
collections from the Germplasm Holding Database maintained by Bioversity
International (formerly known as IPGRI). This became a major attempt to catalogue
collections from around the world and review the condition of those collections.
One hundred twenty-two collections were identified and based on input from vari-
ous experts, a global survey was sent to 57 institutes to gather information on col-
lection numbers, state of preservation, regeneration procedures, and other
information regarding each collection. Nineteen institutes responded and from this
the beginnings of a world-wide inventory began to form. From this initial review,
the Global Crop Diversity Trust brought together sorghum experts from around the
world in 2007 to formulate the “Strategy for the Global Ex Situ Conservation of
Sorghum Genetic Diversity,” which met at ICRISAT (see report at http://www.crop-
trust.org/documents/cropstrategies/sorghum.pdf, verified May 5, 2010). Major col-
lections are outlined in Table 2.1.

It became clear from this undertaking that many of these collections represent
duplications of various sorghum accessions. One of the major challenges identified by
this working group was the lack of relevant passport data available on these collec-
tions which could assist in grouping duplicate accessions and developing a more accu-
rate picture of the true collection status of sorghum. Another major concern was the
lack of wild relative species within these collections. Only 159 wild relative species
were identified in the 19 collections that sent back their surveys, and it is questionable
as to how much of that collection has been correctly identified and classified.
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2.2 Major Collections

2.2.1 The Americas

The single largest collection of sorghum germplasm resides in the USA, which
began collecting various forms of sorghum as early as 1757, when Benjamin
Franklin mentioned it in a letter to a Mr. Ward. He was interested in its unique
panicle formation, used for making brooms and had brought seed back from Europe
to the USA to increase and to share with friends. The Philadelphia Agricultural
Society mentioned Guinea Corn in 1810 (Quinby 1974) and references to sorghums
such as sorgo, Chinese amber cane, white and brown durras, milo, feterita, and
hegari can be found in various publications between 1853 and 1908 (Doggett 1988).
Formal collections and distributions by the United States Department of Agriculture
began around 1905 when it bought, increased and distributed Dwarf Yellow Milo;
further introductions and research began at the Texas Agricultural Experiment
Station at Chillicothe, Texas (Quinby 1974). Prior to the introduction of hybrids in
1958, approximately 13,611 accessions of sorghum had been introduced into the
USA; however, serious curation of the crop did not take place until the early 1980s.
Since then a total of 31,163 accessions have been added to the collection for a total
of 44,774 accessions (Table 2.1). Several groups have reviewed the status of the
USA collection (Duncan, Bramel-Cox, and Miller 1991; Dahlberg and Spinks
1995). The second largest collection is housed with EMBRAPA in Brazil and is
used extensively in breeding programs used to search for abiotic and biotic source
of resistance to things such as anthracnose and acid-soil tolerance, two major issues
facing sorghum producers in this country. Both Mexico and Argentina maintain col-
lections of over 3,000 accessions for use in their national breeding programs and for
research purposes.

2.2.2 Africa

Several collections exist in Africa, the site of sorghum domestication and early dis-
tribution (Mann et al. 1983). The Ethiopian and Sudanese collections are two of the
most important worldwide, since these two regions are considered the primary sites
of sorghum domestication. The discovery of the 8000 BP charred remains of sor-
ghum at the Nabta Playa in Southern Egypt (site E-75-6) were identified by de Wet
and Harlan (sorghum taxonomy according to de Wet 1978) as wild Sorghum bicolor
(L.) Moench. subsp. arundinaceum (Desv.) based on spikelet morphology and the
small size and shape of the grains (Dahlberg and Wasylikowa 1996). The Jimma
Agricultural Technical School began to centralize collections in Ethiopia between
1958 and 1960, and the collection was grown out and characterized in an Experiment
Station Bulletin entitled “The Cultivated Sorghums of Ethiopia.” This activity
was taken over by the Ethiopian Sorghum Improvement Project and continued col-
lections have taken place since the 1970s. Sudan collected a large collection of
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landraces in the 1950s which was maintained by the Tozi Research station. This
collection was turned over to the Rockefeller Foundation Project in India (Rosenow
and Dahlberg 2000). In 1992, collections with known Sudanese origins were grown
in Wad Medani for increase, characterization, and distribution. This collection was
shared with the USA and 3,182 of these accessions were grown out in St. Croix,
USA Virgin Islands in 1993 for verification, seed increase and characterization. The
Sudanese collection may be one of the most fully characterized collections in the
world to date and contains representatives of most of the major working groups
(Dahlberg and Spinks 1995; Dahlberg and Madera-Torres 1997; Rosenow and
Dahlberg 2000; Dahlberg, Burke, and Rosenow 2004, Grenier, Bramel, Dahlberg,
El-Ahmadi, Mahmoud, Peterson, Rosenow, and Ejeta 2004). Uganda also maintains
approximately 2,600 accessions for use in its research programs.

The largest collection outside of Eastern Africa is located with NPGRC in
Zimbabwe, with over 7,000 accessions. Western Africa is represented by collec-
tions from Mali, Niger, Nigeria, and Burkina Faso, but their numbers are more
difficult to pin down. The Mali collection was shared with the USA and a joint proj-
ect involving the USA, ICRISAT, CIRAD, ORSTOM, and Mali was undertaken in
1997, to grow out, increase, characterize, and distribute the collection in Mali. The
collection was also regrown in St. Croix and data sets from both countries were
incorporated into the GRIN database. Other smaller collections exist in Africa and
represent some of the unique diversity that is found in the world collection.

2.2.3 Asia

The second largest collection worldwide is held in trust at ICRISAT. K.O. Richie
transported a Rockefeller Foundation collection of sorghum from Mexico to India
in 1957, thus starting the international collection of sorghum. The collection was a
cooperative effort between the Rockefeller Foundation and the All-India Sorghum
Improvement Program. Comprised of various collections from around the world,
this collection began an intensive effort to collect indigenous sorghums from places
not fully represented in those early collections (House 1980). International Sorghum
numbers were given to the collection, and it grew to its current status of approxi-
mately 36,774 accessions. Both China (Qingshan and Dahlberg 2001) and India
have collections of over 18,000 accessions; however, the Chinese collection is not
well represented in either the ICRISAT or US collection. Much of the diversity of
the Indian accessions has been collected in the International collection. Japan and
the Philippines have small research collections.

2.2.4 Other Regions

Various other collections exist worldwide; however, it is difficult to know how
much of these collections represent unique accessions of sorghum or duplicates of
germplasm from various regions from around the world. Russia has approximately
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7,000 accessions of sorghum, while Australia reported a collection size of 5,403.
Many of the other collections are less than 2,000 and most have been obtained for
research purposes in national sorghum improvement programs. With over 160,000
accessions reported in various collections, it is difficult without better phenotypic
and genotypic information to fully understand how much diversity of sorghum has
been duplicated in the world collections.

3 Assessing Useful Diversity, Breeding, and Race
and Working Groups

3.1 Assessing Phenotypic Diversity

The international sorghum community has shown a tremendous amount of interest
in evaluating germplasm collections. One of the many difficulties that the working
group identified as they worked on the Strategy for the Global Ex Situ Conservation
of Sorghum Genetic Diversity was how to bring those data points together in a use-
ful database that could be available for worldwide use.

Several issues were identified that limit the overall utility of the various collec-
tions. Passport data was available in some electronic form, but different nomencla-
ture use by the various institutes or collecting agencies made comparison of
collections problematic, especially as to the when, where, and how accessions were
collected. Different databases, ratings, evaluation techniques, and other issues have
made a simple combining of the various data points difficult. Few of the collections
have longitude and latitude designations, making spatial evaluation of the collec-
tions almost impossible. Many of the collections were done pre-GIS technology and
relied on local names and/or villages as collection points. These same concerns are
also true for both characterization and evaluation data.

It is clear that there is tremendous diversity within the sorghum collections. The
USA has clearly shown this in its descriptors and through various evaluations that
they have undertaken on their national collection; however approximately 33 % of
the collection has extensive phenotypic descriptor data, while roughly 60 % of the
collection has race and working designation, and 40-60 % of the collection has
agronomic characteristics (Table 2.2). The collection has been evaluated for photo-
period response in a temperate zone (Table 2.3).

The ICRISAT collection’s database contains 24 data points on each of its acces-
sions. Most of the evaluation points reflect agronomic phenotypic characterization
and is available from the SINGER database. The Chinese collection has approxi-
mately 50 % of its collection characterized, but most of that is not available elec-
tronically (see Qingshan and Dahlberg 2001). CIRAD has significant evaluation
data, but until datasets can be electronically merged and validated, accessing the
phenotypic value of the various collections will be difficult.
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Table 2.2 Phenotypic characteristics and evaluation data points taken on various accessions
within the US National Sorghum Collection (source GRIN database)

Descriptor Distinct accessions Total observations
Chemical

Acid detergent fiber % 2882 2,914
Brix measurements 1229 1,260
Crude protein % 2882 2,914
In vitro dry matter digestibility 2881 2,914
Fat % 2882 2,913
Phosphorous % 2882 2914
Starch % 2882 2914
Sucrose % 1198 1,229
Cytological

Normal ploidy level 49 49
Disease resistance

Colletotrichum graminicola 15670 16,399
Peronosclerospora sorghi 4674 6,214
Peronosclerospora sorghi P3 3937 3,938
Claviceps africana 2022 2,022
Cercospora sorghi ELL. and Ex. 306 306
Cercospora fusimaculans 1437 1,470
Helminthosporium turcicum 340 340
Puccinia purpurea 15819 17,402
Sugarcane mosaic virus 427 427
Sorghum yellow banding virus 210 210
Gloeocercospora sorghi 1437 1,470
Growth

Height uniformity of plant 15651 16,149
Plant height (to top of panicle) 20195 21,577
Seedling vigor 3984 3,987
Insect resistance

Pseudaletia unipuncta (Fall armyworm) 8940 8,942
Taxoptera graminum (Greenbug) 15990 16,035
Sipha flava (Yellow sugarcane aphid) 5564 5,564
Restorer

B/R line reaction to A1, A2, and A3 620 1,828
Morphological screening

% Glume covering of kernel 14655 15,123
Type of awns at maturity 15615 16,101
# of basal tillers per plant 14690 15,158
Panicle branch angle 14637 15,106
Color of endosperm 14540 15,003
Texture of endosperm 14537 15,000
Type of endosperm 14547 15,008
Color of glume 14659 15,128
Glume pubescence 14657 15,127
Inflorescence exsertion 14674 15,139
Phenotypic seed color 18745 19,135

(continued)
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Descriptor

Distinct accessions Total observations

Plumpness of kernel
Shape of kernel

% lodging

Mesocarp thickness

Leaf midrib color

Nodal tillering
Compactness of panicle
Panicle erectness

Length of panicle

Shape of panicle

Color of pericarp (genetic)
Plant color

Form of seed (single, twin)
Seed shattering

Spreader

Seed sprouting tendency
Juicy/dry midrib
Waxiness of the stem
Presence/absence of testa
Transverse wrinkle

Other

Cold tolerant population

Core subset

Images present in GRIN
Sorghum association panel
Phenology

Flowering rating 65 and 90 days after planting
Long day anthesis rating
Photoperiod sensitivity rating
Short day anthesis rating
Production

Primary plant usage

Yield potential (1=high, 5=1ow)
Overall plant desirability ratings
Quality

Grain weathering

Metabolizable energy (swine)
Net energy for gain (cattle)

Net energy for lactation (cattle)
Net energy for maintenance (cattle)
% Total digestable nutrients
Stress

Aluminum toxicity tolerance
Manganese toxicity tolerance
Taxonomy

Race

Working group designation
Total number of observations

14532 14,992
14540 15,003
965 965
14651 15,119
19081 19,770
14680 15,147
15610 16,109
15637 16,132
14641 15,105
14663 15,132
14362 14,791
14743 15,210
14642 15,111
14651 15,121
13150 13,479
14687 15,155
19054 20,401
14664 15,131
14713 15,182
14201 14,666
173 174
2438 2,438
6380 7,089
386 387
32680 32,718
739 742
1533 1,533
12437 12,763
1390 1,390
14665 15,130
14729 15,196
14657 15,126
2882 2914
2882 2914
2882 2914
2882 2914
2882 2914
10332 10,384
7302 7,339
22319 23011
14805 15,262
7,88,302
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Table 2.3 Photoperiod rating of US National Sorghum Collection (source GRIN database)

Definition Number of accessions
Very early (50 days or less) 197

Early (50-60 days) 1,473

Medium (60-70 days) 3,796

Late (75-90 days) 3,498

Very late (90+ days) 925

Photoperiod sensitive 22,762

Mixed flowering rating 66

Total number of accession screened 32,717

3.2 Breeding Collections

Little work has been done on establishing a robust acquisition system for breeding
collections as sorghum breeders retire or pass away. Several collections have been
either discarded or archived with little recorded evidence of their existence. This is
also true within the private industry as collections have been either neglected or
destroyed when a program has ended or a breeder has retired. Several important
collections have been noted in research articles and other publications, but are no
longer available for distribution. The USDA-ARS tried reviving Dr. Keith Schertz’s
genetic stocks after he had passed away; however, little of the collection was main-
tained properly and only a few of his genetic stocks were recovered and placed into
GRIN. No concerted effort worldwide has been made to preserve these potentially
valuable collections.

Probably one of the most useful breeding collections has been the Sorghum
Conversion Program, which has recently been relaunched through the support of
the United Sorghum Checkoff Program and MMR Genetics. The program was first
described by Stephens, Miller, and Rosenow in 1967, though it was initiated in 1963
with the first planting taking place in Mayagiiez, Puerto Rico. They recognized the
need to convert photoperiod sensitive sorghums, to combine height, photoperiod
insensitive germplasm that would flower in temperate regions. This was partly
driven by the need to expand the germplasm base that was currently in use in the
USA. As noted earlier, sorghum is unique in that it is grown from sea level to eleva-
tions of 2,500 m or more, in both extremely wet and dry environments, and on both
poor and rich soils. This has created a tremendously diverse and genetically rich
germplasm base that has been mostly ignored because of its photoperiod sensitivity
and the difficulty of using these germplasm sources in temperate zones.

As these accessions were converted, many were screened for various diseases
and insects and several accessions were identified containing key genes of valuable
agronomic characteristics (Duncan et al. 1991). Currently, 702 converted lines have
been released. These releases ranged from exotic germplasm that was initially
placed into the program for diversity, to agronomically important, high yielding
white, tan food grade sorghums (see discussion by Rosenow and Dahlberg 2000).
In 2009, the sorghum conversion program was reinitiated and is exploiting the
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sorghum sequence to rapidly convert sorghum exotic germplasm sources. Typically,
the conversion program took between 8 and 12 years to fully convert a photoperiod
sensitive sorghum to a converted insensitive line. Using DarT technology, and
markers for both the Ma, gene, which is highly linked to photoperiodism, and sev-
eral of the dwarfing genes, the program hopes to achieve adequate conversion within
2-3 years. This will allow for a much more rapid distribution of needed exotic ger-
mplasm to both private and public breeding programs.

3.3 Working Groups

The cultivated sorghums fall within the subgenera Sorghum (see discussion by
Dahlberg 2000). Snowden in 1936 proposed 31 races of sorghum, with varieties
within each race, which made classification of sorghum quite difficult. As noted
previously, Harlan and de Wet proposed a simplified classification scheme for the
cultivated sorghum in 1972, which delineated five major races and ten intermediate
races, which is used by many plant breeders today to classify sorghum; however,
this simplified classification did not adequately explain the variation found within
sorghum. Murty and Govil (1967) proposed a set of Working Groups to try to
address this. Harlan (personnel communication) indicated that he and de Wet had
wanted to integrate their proposed scheme with that of Murty and Govil to create a
system for classification that was both easy to use and explicative of the diversity
within the crop. Dahlberg (2000) proposed an integrated system of sorghum
classification with this goal.

Little work has been done to evaluate and relate important genetics with various
races and working groups, though it is clear that such an endeavor would be useful
to sorghum researchers. Working groups such as Zerazeras contain useful sources
of tan plant and white seed for use in food systems, while kafirs offer good sources
of yield. Some work has been done on heterotic pools, with caudatum and kafir
combinations being the most widely used. However, the work by Yang and col-
leagues (Yang et al. 1996) clearly indicates that Chinese germplasm may offer new
sources of heterosis that have not been exploited within sorghum. Other potential
sources of new heterotic pools between durras and bicolors offer some yield poten-
tial that would be new to sorghum as well (personal observations by author of diver-
sity within the Malian collection). New genomic tools may offer the potential to
exploit these pools in the future as more of the world collection becomes fingerprinted
and evaluated for genetic diversity.

4 The Future

As competition for global water resources becomes more intense in the twenty-first
century, sorghum will increase in importance as a source of food, feed, fiber, and fuel.
However, key goals must be accomplished to support the wider use of sorghum.
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First, wild and weedy relatives of cultivated sorghum must be effectively collected
and conserved. Current collections across the world are void of the exceptional
range and diversity of the genus. Particularly wild and weedy materials from Africa
and Asia merit inclusion into international and national collections. Second, entries
in the collection require more detailed characterization and evaluation if elite germ-
plasm is to be effectively developed. In particular, photoperiod sensitive materials
require conversion for appropriate agronomic evaluation. An expanded effort for
sorghum conversion also should be a priority.

In complement with the agronomic benefits of increased sorghum production for
multiple end-products, sorghum will increase in value for studies of comparative
genomics in cereals and grasses (Paterson et al. 2009). Sorghum, because of its
smaller and simpler genome, its wealth of readily accessible genomic tools and
information, and its breadth of diversity for abiotic and biotic stress resistances will
become a cornerstone for integrated studies linking gene pool diversity and crop
improvement in the future.
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Chapter 3
The Gene Pool of Saccharum Species
and Their Improvement

Andrew H. Paterson, Paul H. Moore, and Tom L. Tew

Abstract Current taxonomy divides sugarcane into six species, two of which are
wild and always recognized (Saccharum spontaneum L. and Saccharum robustum
Brandes and Jewiet ex Grassl). The other species are cultivated and classified vari-
ously. Of the four domesticated species of Saccharum, S. officinarum L. was the
first named and is the primary species for production of sugar. Recent genomic data
for evaluating genetic diversity within Saccharum suggests relationships among
accessions that may ultimately produce a definitive classification of the species.
Sugarcane breeders have long realized that germplasm diversity is essential for sus-
tained crop improvement, with accessions from at least 31 separate expeditions
deposited in the two world collections as genetic reservoirs. Cultivated sugarcanes
of today are complex interspecific hybrids primarily between Saccharum officinarum,
known as the noble cane, and Saccharum spontaneum, with contributions from S.
robustum, S. sinense, S. barberi, and related grass genera such as Miscanthus,
Narenga, and Erianthus. Sugarcane has long been recognized as one of the world’s
most efficient crops in converting solar energy into chemical energy harvestable as
biomass, and is of growing interest as a biofactory for production of fossil fuel alter-
natives and other high-value bioproducts.
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Keywords Sugarcane ¢ Interspecific hybrid ¢ Polyploid * Aneuploid e Domestication
* Nobilization * Energy cane * Biofactory

1 Singular Properties of the Species (or Its Members)

1.1 Taxonomy

Sugarcane is the common name given to a group of cultivated, sucrose-storing,
large tropical grasses that have been classified variously depending on the criteria
employed and the taxonomic convention of the time. The original classification of
cultivated sugarcane as Saccharum officinarum L. by Linnaeus in 1753 established
the genus Saccharum L. for sugarcane. However, the genus Saccharum was
expanded to include many species that, with the exception of inflorescence and
floral morphologies, have little in common with sugarcane. For example, a search of
the Integrated Taxonomic Information System (ITIS) database http://www.itis.gov
lists 23 species of Saccharum of which 7 are no longer accepted while only 5 are
listed as a species of wild or domesticated sugarcane. The more extensive Kew
GrassBase database http://www.kew.org/data/grasses-db.html lists 37 species of
Saccharum of which 4 are currently accepted as species of sugarcane. Current sug-
arcane literature recognizes six species of Saccharum, two of which are wild:
Saccharum spontaneum L. and Saccharum robustum Brandes and Jewiet ex Grassl.
The other species are cultivated and recognized variously. This review is restricted
to only those Saccharum species generally regarded as sugarcane.

Sugarcane species are members of the subtribe Saccharinae, tribe Andropogoneae,
of the grass family, Poaceae or Gramineae. The grass family is very large, including
approximately 10,000 speciesclassifiedinto600—700 genera. The tribe Andropogoneae
contains 85 genera and 960 species (e.g., Clayton and Renvoize 1986 cited by
Spangler et al. 1999), many of which have high economic value including the C4
crops sugarcane (S. officinarum L.), sorghum (Sorghum bicolor L. Moench), and
maize (Zea mays L.). Miscanthus Anderss. is an additional C4 grass showing con-
siderable potential as a germplasm source for cold tolerance of C4 photosynthesis
(Clifton-Brown and Lewandowski 2000) and as a as a biomass crop for renewable
energy production and raw material for the cellulose and paper industries (Bullard
et al. 1995; Dohleman et al. 2009). Classical taxonomy based on cytological and
morphological characters has been used to describe probable evolutionary relation-
ships within Saccharinae and recently molecular data has allowed for more definitive
relationships. Spangler et al. (1999) used chloroplast DNA markers to show broad
relationships among the Andropogoneae and probable polyphyletic origins of
Sorghum, Miscanthus, and Saccharum (Fig. 3.1). Hodkinson et al. (2002) used
DNA sequences of a nuclear ribosomal gene and two plastid sequences to confirm
the polyphyletic origin of Miscanthus and Saccharum and to distinguish between
them. The other members of the subtribe Saccharinae could not be completely
resolved with such limited data.
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% 5_‘ Sorghum bicolor 20 736
% Sorghum halepense 40 ?
Sorghum propinquum 20 690
Sorghum nitidum 20 4307
—I—|: Vacoparis macrospermum 40 1014
g Vacoparis laxiflorum 40 1220
§ g‘)— Sarga angustum 10 1813
E % — Sarga intrans 10 1117
§ T Sarga leiocladum 10 2254
_[f__l_ Sarga plumosum 30 3748
g Sarga purpureo-sericeum 10 2048
?g’ Sarga timorense 10 622
E Sarga trichocladum ? ?
Sarga versicolor 10, 20 1592, 3265
Cleistachne
Miscanthus sinensis 38 2824-3786
Miscanthus x. giganteus 57 3916-4576
Miscanthus sacchariflorus 76 2234-2867
M. sacchariflorus ‘Robustus’ 38
Microstegium nudum
Saccharum spontaneum 36-128
Saccharum cultivars 100-130 4183
Saccharum officinarum 70-140
Saccharum robustum 60-170
Zea mays 20 2300

Fig. 3.1 Saccharinae clade (relevant members). Phylogenetic interpretation from Spangler et al.
(1999); Genome size estimates from Arumuganathan and Earle (1991), Bennett and Leitch (2003),
Price et al. (2005) and direct measurements (S. propinquum, Miscanthus spp.)

The present compilation of Saccharum species has a volatile history. The first
edition of “Species Plantarum” listed two species of Saccharum: S. officinarum and
S. spicatum. Subsequent taxonomic treatments up to the time of revision by Jeswiet
in 1927 listed up to 22 species of Saccharum (discussed in Irvine 1999 and Amalrag
and Balasundaram 2005, and presented as Table 8 in Daniels and Roach 1987).
Jeswiet (1927) reassigned many of those added species to different genera, primarily
Erianthus, and went on to describe four natural groups consisting of S. spontaneum
L., S. sinense (Roxb.) Jesw., S. barberi, Jesw., and S. officinarum L. to be included in
Saccharum L. Subsequently, two forms of Saccharum were discovered in New Guinea
(S. robustum Brandes and Jeswiet ex Grassl. (Grassl 1946) and S. edule Hassk.
(Whalen 1991)) and added to the genus to bring the number of widely recognized
species of sugarcane to six. Two of the species (S. spontaneum and S. robustum) are
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wild accessions. The remaining four cultivated forms (S. barberi, S. edule,
S. officinarum and S. sinense) have been accorded the status of species, but since they
do not survive in the wild there is an increasing trend to consider these as cultigens
derived from S. officinarum (Irvine 1999, Grivet et al. 2006).

In addition to listing many Saccharum that are not sugarcane in the strictest sense,
the delineation of these species has been complicated by hybridizations, both natural
and man-made, among themselves and with related species. Many members of the
interbreeding group have different genome structure which produces intermediate
forms, some of which have totally new genome structure due to different types of
chromosome transmission. Wide hybridization has resulted in a mixture of sugarcane
euploids and aneuploids. Layered on top of this genetic complexity is the selection
pressures applied by nature and man to drive different population structures. Cultivars
of sugarcane are hybrids of different species of the genus Saccharum, and may
include germplasm from the nine related genera Imperata, Eriochrysis, Eccolipus,
Spodiopogon, Miscanthidium, Erianthus sect. Ripidium, Miscanthus, Sclerostachya,
and Narenga, which are included in the subtribe Saccharinae (Clayton 1972a, b).

Mukherjee (1954) revised the genus Saccharum based on phytogeographical
data, morphology, cytology, and breeding evidence to combine Saccharum with
three other Saccharinae genera (Erianthus sect. Ripidium, Sclerostachya, and
Narenga) into an informal taxonomic group he called the “Saccharum complex.”
Later, Daniels et al. (1975) added the genus Miscanthus to the Saccharum complex
since it was considered that Miscanthus also contributed to the origin of Saccharum.
Although the Saccharum complex concept has proven useful in guiding sugarcane
breeders towards utilizing the species within it as part of the gene pool available for
sugarcane improvement, recent molecular data raise serious doubts about some of
the earlier proposed origins and genetic relationships of the Saccharum species
(Irvine 1999, Grivet et al. 2006).

The morphological differences among the members of the Saccharum complex
are mostly related to floral characters, but also include some vegetative structure
characters such as the number of rows of nodal root primordia, axillary bud devel-
opment, and presence or absence of a leaf dewlap (Table 3.1). A significant differ-
ence between members of the Saccharum complex is the accumulation of sucrose in
the stems of Saccharum spp., albeit at very low levels in the wild Saccharum species
S. spontaneum and S. robustum (Table 3.2). Sugarcane species designation has been
based on chromosome numbers, floral characters, sugar and fiber content, and stalk
diameter (Table 3.2). However, the free intercrossing among the species, the strong
influence of environment on the quantitative phenotypic characters, and the wide
overlap of measured values do not always allow for clear differentiation. More
recently, molecular cytogenetics and genomics have revealed evolutionary relation-
ships among the Saccharum species that are more definitive.

Of the four cultivated groups of Saccharum, S. officinarum L. (2n=80) was the
first named and is the primary group for production of sugar. S. officinarum acces-
sions have thick stalks with low fiber and high sucrose contents (Table 3.2).
Saccharum barberi Jeswiet (2n=82-124) in India and Saccharum sinense Roxb.
(2n=288) in China have been cultivated since prehistoric times, but seldom if ever
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are used commercially today; they exist primarily in germplasm or garden collections.
These two species are sometimes grouped together as a single species, or as histori-
cal cultigens, having thin to medium stalks, low to moderate sucrose content, and
higher fiber and greater tolerance to stress than does S. officinarum. The fourth
domesticated species, S. edule Hassk. (2n=60 or 80 sometimes up to 122) has an
aborted and edible inflorescence and is cultivated from New Guinea to Fiji as a
vegetable. Based on its geographical distribution and vegetative morphology,
S. edule was proposed to be an intergeneric hybrid between either S. officinarum or
S. robustum and a related genus, or to be a mutant of either of these Saccharum spe-
cies (Daniels and Roach 1987; Roach and Daniels 1987). However, molecular data
now indicates that S. edule may be a series of mutant clones selected from S. robus-
tum populations and preserved by humans (Grivet et al. 20006).

Among the wild species, S. spontaneum (2n=40-128, with chromosome num-
bers frequently as multiples of eight) is highly variable with a broad distribution
throughout tropical and subtropical regions from Arica to the Middle East, China,
Malaysia through the Pacific to New Guinea. S. spontaneum accessions exhibit phe-
notypic, cytological, and cytoplasmic and nuclear DNA sequences that are quite
different from those of the other Saccharum species. It is a perennial grass, from
short bushy types with no stalk, to large-stemmed clones over 5 m in height, but
typically with pencil-thin stalks and very low sucrose content (Table 3.2). It is free
tillering with robust rhizomes and has contributed towards the development of mod-
ern cultivars by conferring resistance to most major diseases, providing vigor and
hardiness for increased abiotic stress tolerance (such as cold and drought), increased
tillering and improved ratoonability.

The other wild species of Saccharum, S. robustum, (two cytotypes predominate
as 2n=60 or 80, but some accessions have chromosome numbers as high as 194)
has its center of diversity in New Guinea in the same region as the domesticated S.
officinarum (2n=80). S. robustum has thick stalks and low sucrose content. It is
similar to S. officinarum and distinguished from S. spontaneum, by lack of rhi-
zomes, and thickness and height of stalks including large inflorescences.

Recent genomic data for evaluating genetic diversity within Saccharum suggests
relationships among accessions that may ultimately produce a definitive classification
for the genus. The first molecular evidence came from restriction fragment patterns
of nuclear ribosomal DNA that was used to separate accessions of S. spontaneum,
which showed the widest within-species variation, from accessions of S. robustum,
S. officinarum, S. barberi, and S. sinense (Glaszmann et al. 1990). RFLP analyses
of the mitochondrial genome showed an identical pattern among 18 S. officinarum
clones and 15 of 17 S. robustum clones (D’Hont et al. 1993). RFLP patterns were
similar among S. officinarum, S. barberi, S. sinense, and S. edule, all of which were
distinctively different from S. spontaneum. Restriction patterns of the chloroplast
genome suggested that, except for S. spontaneum, the Saccharum species all have
the same chloroplast restriction sites (Sobral et al. 1994). RFLP analyses of nuclear
genomic DNA confirmed observations about the cytoplasmic genomes that sug-
gested distinctively greater diversity within S. spontaneum than within the four
other species (Burnquist et al. 1992; Lu et al. 1994a, b; Nair et al. 1999). More
recent genomic in situ hybridization analysis supports the hypothesis that S. barberi
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and S. sinense were derived from interspecific hybridization between S. officinarum
and S. spontaneum (D’Hont et al. 2002). These authors conclude that genetic simi-
larities between S. barberi and S. sinense accessions do not support the taxonomic
separation of these two groups into separate species. The species S. barberi is not
listed in the Kew database GrassBase http://www.kew.org/data/grasses-db.html but
is included as S. sinense.

1.2 Genome Structure of Modern Cultivars

Modern cultivars are highly polyploid and aneuploid with around 120 chromo-
somes. They are derived from interspecific hybridization between S. officinarum
and S. spontaneum. As a consequence of the different basic chromosome numbers
of S. officinarum (x=10) and S. spontaneum (x=8), two distinct chromosome orga-
nizations coexist in modern cultivars (see Sect. 3.5 for details on chromosome
inheritance in these wide species hybrids). Genomic in situ hybridization (GISH) of
total genomic DNA suggests that 10-20 % of modern cultivars chromosomes are
inherited in their entirety from S. spontaneum; 70-80 % are inherited entirely from
S. officinarum and around 10 % are the result of recombination between chromo-
somes from the two ancestral species (D’Hont et al. 1996; Piperidis et al. 2010a;
Cuadrado et al. 2004).

Cultivated sugarcane is rare among major crops in being an interspecific aneu-
ploid. The occurrence of chromosomal segment exchanges between S. officinarum
and S. spontaneum is supported by both FISH (D’Hont et al. 1996) and by genetic
mapping (Grivet et al. 1996; Hoarau et al. 2001) and disproves the prior assumption
(Price 1963, 1965; Berding and Roach 1987) that no recombination occurs between
the chromosomes of the two species. Collectively, these data were used to propose
a schematic representation (Fig. 3.2) of the genomic organization of modern sugar-
cane cultivar genomes (D’Hont 2005). Sugarcane’s polyploid nature and interspecific
origin contribute substantially to high levels of heterozygosity detected among
modern cultivars (Lu et al. 1994b; D’Hont et al. 1996; Jannoo et al. 1999a; Lima
et al. 2002). On the other hand, the recent origin of modern sugarcane cultivars from
a small germplasm base, results in strong linkage disequilibrium with some haplo-
types conserved in segments extending for at least 10 cM (Jannoo et al. 1999b), far
greater than in most other crops.

2 Secondary and Tertiary Gene Pools, Germplasm Resources

2.1 Related Genera. Saccharum, Erianthus Sect.

Ripidium, Sclerostachya (2n=30), Narenga (2n=30), and Miscanthus (2n=38 and
40) were assembled into the “Saccharum complex” as a closely related interbreed-
ing group (Mukherjee 1957; Daniels et al. 1975). Erianthus sect. Ripidium includes
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Fig. 3.2 Schematic of the genome of a typical modern sugarcane cultivar. Each bar represents a
chromosome; open boxes represent regions originating from S. officinarum and shaded boxes
regions from S. spontaneum. Chromosomes aligned in the same row are hom(oe)ologous and rep-
resent a homology group (HG). Chromosomes assembled vertically correspond to monoploid
genomes (MG) of S. officinarum and S. officinarum. The key characteristics of this genome are the
high level of ploidy, the aneuploidy, the bispecific origin of the chromosomes, the existence of
structural differences between chromosomes of the two origins, and the presence of interspecific
chromosome recombinants (From Fig. 2 (D’Hont et al. 2008). Used with kind permission of
Springer Science and Business Media)

—
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chromosome numbers of 2n=20, 30, 40, and 60 with a basic chromosome set of
x=10, the same basic number as favored for Saccharum (Whalen 1991). This group
of related genera have a number of traits desired by sugarcane breeders for improv-
ing cultivar performance including a wide environmental distribution due to toler-
ance to environmental stresses of cold and drought, vigor, good ratooning, and
disease resistance (Berding and Roach 1987).

Sugarcane breeders have long tried to introgress agronomic characteristics of
Miscanthus and Erianthus arundinaceus into sugarcane hybrids. However, it has
been difficult to produce fertile progeny and to identify true hybrids involving
E. arundinaceus on the basis of morphological characters (Grassl 1965). Molecular
diagnostic tools including species-specific DNA markers and GISH have been used
in attempts to identify Saccharum x Erianthus hybrids at the seedling stage and to
follow the introgressed genes into later generations (D’Hont et al. 1995; Alix et al.
1998, 1999; Piperidis et al. 2000). GISH allowed analysis of the chromosome com-
plement of intergeneric hybrids involving Erianthus and Miscanthus (D’Hont et al.
1995) and revealed that chromosome elimination occurs in Saccharum x E. arundi-
naceus hybrids (D’Hont et al. 1995; Piperidis et al. 2000).

GISH revealed a high contrast between the chromosomes of the two genera
in Saccharum x E. arundinaceus hybrids as compared to that of S. officinarum x
S. spontaneum hybrids. Since GISH is based on the presence of species-specific
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repeated sequences that evolved quickly during speciation, the greater contrast
between Saccharum and Erianthus could reflect a greater genetic distance between
these two genera than might be expected based on morphological characters. This
difference in chromosome structure may explain the occurrence of chromosome
elimination and the difficulties encountered by breeders attempting to exploit this
genus. Several Erianthus and Miscanthus specific repeated sequences were cloned.
Their distribution on the chromosomes was analyzed by FISH and revealed two
subtelomeric families (Alix et al. 1998), one centromeric family, and one family
apparently dispersed along the genome (Alix et al. 1999).

More recently AFLP markers clearly identified hybrids between S. officinarum
or sugarcane cultivars and Erianthus rockii (Aitken et al 2006). Both crosses pro-
duced progeny all showing n+n inheritance. All of the progeny from the
S. officinarum cross were hybrids but only 10 % of the progeny from the sugarcane
cultivars were hybrids of E. rockii, the remaining 90 % were identified as selfs.

2.2  Germplasm Resources

Sugarcane breeders have long realized that a large diverse germplasm collection is
essential for sustained crop improvement. At least 31 separate collecting expedi-
tions across the complete natural distribution of Saccharum species were made from
1892 through 1985, to collect genotypes focusing on those that were resistant to
pests and diseases, were highly productive, or had high sugar content (Berding and
Roach 1987). Clones from these collections have been deposited in the two world
collections, one maintained in India and one in the USA. These collections serve as
genetic reservoirs to be used in breeding new cultivars for specific agronomic needs
and to broaden the genetic base of commercially grown cultivars. The reported
number of accessions for each species in the World Collection of Sugarcane and
Related Grasses located at the India and US sites are listed in Table 3.2.

2.3 Passport and Descriptor Information

Passport data, including taxonomic designation and information about where an
accession was collected and phenotypic descriptor data are available from the
Germplasm Resources Information Network (GRIN) database maintained by the
National Plant Germplasm System (NPGS) of the USDA at http://www.ars-grin.
gov/cgi-bin/npgs/html/crop.pl?101. The 102 descriptors are classified into eight
categories, with the largest categories being morphology (69 descriptors) and dis-
ease reactions (19). These data are useful for classification of accessions, but they
are subject to environmental influences and most have a significant genotype X envi-
ronment interaction.
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2.4 Phenotypic Evaluation

The evaluation of germplasm held in collections is a high priority. This information
facilitates the use of germplasm and makes more efficient management possible.
Evaluation is a lengthy and costly process of examining accessions for traits of
significance; however, it adds tremendous value to germplasm collections.

Clones of S. sinense, S. barberi, and S. robustum were evaluated for agronomic
and quality characters and to estimate the genetic diversity within and between the
populations. Thirty clones of each species were evaluated in two environments for
eight phenotypic characteristics. Significant differences were found between the
three species as well as for clones within species. The genetic repeatability for every
character, except stalk number, was high, indicating that this information would be
useful for breeders interested in using the material in commercial crosses (Brown
et al. 2002). Additional phenotypic evaluation continues to characterize this germ-
plasm for quality-related characteristics (sucrose, starch, etc.) and to estimate its
tolerance to environmental stresses (freezing temperatures, diseases, etc.).

2.5 Core Collections

Potential usefulness for establishing core collections of Saccharum species has been
analyzed for both the India and US world collections. With the exceptions of
S. spontaneum and S. officinarum, the numbers of accessions of the other species
that have been characterized are so few that Tai and Miller (2001) considered the
entire US collection of those limited species to function as cores. Workers in India
analyzed their collections of both S. spontaneum and S. officinarum, while workers
in the USA limited their analysis to their collection of S. spontaneum. In the USA,
Tai and Miller (2001) evaluated 11 methods using 11 quantitative traits to estimate
the number of randomly selected accessions needed for a representative core to be
approximately 75. Although the authors did not suggest any one core as the best,
they did list members of the core based on cluster analysis within each geographic
region based on retained principal components for morphological traits and random
selection of entries within each cluster. Workers in India analyzed a set of 21 quali-
tative and 10 quantitative descriptors on 617 accessions of S. spontaneum and found
most characters would be represented in a core size of about 60 randomly sampled
accessions (Amalraj et al. 2006). In a separate study workers in India analyzed a set
of 27 qualitative morphological descriptors for computing the Shannon—Weaver
diversity index and a list of 10 quantitative descriptors for principal component
analysis of 690 accessions of S. officinarum to find a core optimum of about 164
accessions (Balakrishnan et al. 2000). Reports from both world collections empha-
sized the smaller diversity in S. officinarum than in S. spontaneum. Although the
potential for establishing core collections of Saccharum has been shown in both
world collections, both collections continue to be preserved in their entirety.
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3 Evolution and Improvement of Sugarcanes

3.1 The Origin of Sugarcane

Sugarcane prehistory apparently occurred across a vast area of Southeast Asia
including the Malayan Archipelago, New Guinea, India, and some of the island
groups of Melanesia. The preponderance of evidence indicates that domestication
of sugarcane probably occurred in New Guinea with the selection of S. officinarum
from the wild species S. robustum (Brandes 1956; Daniels and Roach 1987; Grivet
et al. 2006). Hypotheses about possible contributions to sugarcane of genera other
than Saccharum, specifically Erianthus, Sclerostachya, Narenga, and Miscanthus
(Barber 1920; Jeswiet 1930; Parthasarathy 1948; Brandes 1956; Mukherjee 1957)
were based on cytology and breeding evidence, morphology, and overlapping
geographical distribution. These hypotheses were reviewed in Daniels and Roach
(1987) who produced the synopsis supporting the scenario developed by Brandes
(1956) which has been supplemented by molecular data (Grivet et al. 2006) and
presented as Fig. 3.4.

Cultivated sugarcanes of today are complex interspecific hybrids primarily
between Saccharum officinarum, known as the noble cane, and Saccharum sponta-
neum with contributions from S. robustum, S. sinense, and S. barberi. Early authori-
ties hypothesized additional contributions from related grasses of the Saccharum
complex (Brandes 1956; Daniels and Roach 1987; Roach and Daniels 1987,
Sreenivasan et al. 1987) but such proposals are not supported by the limited molecu-
lar evidence available (Irvine 1999, Grivet et al. 2006). Based on vegetative charac-
ters and native distribution, the species S. officinarum, with high sucrose content, is
believed to have been derived from S. robustum in New Guinea (Brandes 1956,
1958). It has been postulated (Brandes 1956) and widely accepted from various
evidence (Daniels and Roach 1987; Roach and Daniels 1987) that S. officinarum
spread during prehistoric times from New Guinea to Indonesia, Malay, China, India,
Micronesia, Polynesia, and by A.D. 500 from Indonesia to southern Arabia and East
Africa. As detailed below, S. barberi and S. sinense were likely derived from
interspecific hybridization between S. officinarum and S. spontaneum (Grivet et al.
2006) and possible introgression from other species (Brown et al. 2007). The distri-
bution of S. officinarum from Polynesia to Hawaii probably took place with native
migrations around A.D. 500—1000.

3.2 Origin of S. barberi and S. sinense

Sugarcanes indigenous to North India and China and cultivated from prehistoric
times are referred to as S. barberi (2n=81-124) and S. sinense (2n=110-120),
respectively. S. sinense cultivated in China and Pansahi India was used for chewing
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as well as for sugar production, whereas the thinner, harder stalks of S. barberi
cultivated in northern India may have been primarily for crushing. The two culti-
vated sugarcanes were probably the result of natural hybrids of S. officinarum and
S. spontaneum with other genera about 1000 BCE. S. barberi subsequently spread
from India to the Middle East, Mediterranean, and to the New World beginning with
the second voyage of Columbus in 1493. Today, S. sinense and S. barberi exist only
in collections (Stevenson 1965; Blume 1985; Rossi et al. 1987; Heinz et al. 1994).

Leading hypotheses on the origins of S. barberi and S. sinense (reviewed by
Daniels and Daniels 1975; Paton et al. 1978; Daniels and Roach 1987; Roach and
Daniels 1987; D’Hont et al. 2002, Grivet et al. 2006) are that: (1) S. barberi and S.
sinense arose from hybridization of S. officinarum with S. spontaneum in India and
China; (2) S. barberi was developed from S. sinense in India; and (3) S. barberi and
S. sinense arose through introgression between S. officinarum, S. spontaneum, or
other genera such as Erianthus and Miscanthus (Brown et al. 2007). Whalen (1991)
and Artschwager and Brandes (1958) considered S. barberi to be a horticultural
variant of S. sinense, as does the Kew database GrassBase http://www.kew.org/data/
grasses-db.html even though it lists 37 species in the genus Saccharum.

The hypotheses about the origin of S. sinense and S. barberi were tested by
genomic in situ hybridization (GISH) performed using S. spontaneum total genomic
DNA and S. officinarum total genomic DNA as probes on chromosome preparations
of genotypes representative of S. barberi and S. sinense. In all clones analyzed, GISH
clearly identified two distinct populations of chromosomes or chromosome frag-
ments, thus revealing the interspecific origin of S. barberi and S. sinense (D’Hont
et al. 2002). GISH showed no genomic regions lacking color, nor was there a third
color pattern that would have been the case if a third species were involved, espe-
cially if it belonged to another genus. For example, GISH performed on intergeneric
hybrids between S. officinarum x Erianthus or S. officinarum x Miscanthus showed
that total genomic DNA of one genus gave a very weak hybridization signal on the
other genus (D’Hont et al. 1995; Piperidis et al. 2000 and unpublished results of
these workers). These results are corroborated by the absence of Erianthus or
Miscanthus genus specific sequences in S. barberi and S. sinense on Southern hybrid-
ization patterns (Alix et al. 1998, 1999). These results, together with cytoplasmic
(D’Hont et al. 1993) and nuclear molecular marker analyses (Glaszmann et al. 1990;
Lu et al. 1994a), are in agreement with the origin of both S. barberi and S. sinense
from hybridizations between S. officinarum (female) and S. spontaneum (male).

The proportion of chromosomes from the two species was variable in the clones
studied with 61 % S. officinarum: 39 % S. spontaneum for 2n=82 clones, 68 %:
32 % for a clone with 2n=91, and 66 %: 33 % for a clone with 2n=116. From O to
4 chromosomes per cell appeared to result from interspecific intrachromosomal
exchanges (D’Hont et al. 2002). Considering the frequency of such exchanges in
modern cultivars, this indicates that a very small number of meiotic events must
have occurred since interspecific hybridization. Further RFLP analyses indicated
that the S. barberi and S. sinense clones are clustered into a few groups, each derived
from a single interspecific hybrid that has subsequently undergone somatic mutations.
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These groups correspond quite well with those already defined based on morphological
characters and chromosome numbers (reviewed by Daniels et al. 1991). However,
the calculated genetic similarities do not support the existence of two distinct taxa.
The “North Indian” and “Chinese” sugarcanes thus represent a set of horticultural
groups rather than established species (D’Hont et al. 2002).

3.3 Cultivated Noble Canes for Sugar Production

As mentioned above, sugarcane culture spread from India to the Middle East,
Mediterranean, and to the New World in 1493, well before establishment of
classification by Linnaeus in 1753 and before the discovery of “noble” canes in the
islands of the South Seas. The first of the noble canes left Tahiti with Bougainville
in 1768, eventually arriving in the Caribbean in 1789 (Deerr 1921, 1949; Machado
et al. 1987) The sugarcane that spread across the Mediterranean to the New World
was the Indian cultivar known as “Creole” in French, “Criola” in Spanish, or
“Crioula” in Portuguese. “Creole” was quickly replaced in cultivation by the noble
cultivar “Otaheite” when it was brought to Jamaica from Tahiti by Bligh in 1793
(Rossi et al. 1987). From there it was distributed throughout the Caribbean and the
Americas. Original noble canes collected from the Pacific Islands quickly replaced
the less productive Indian varieties and were the only source of cultivars for planta-
tions for the world’s sugar production for over a hundred years. Before sugarcane
breeding programs were started in 1888, the most important noble cultivars were the
“Otaheite” (Bourbon, Lahaina) of Tahiti, “Cheribon” (Louisiana Purple) of Java,
and “Caledonia” of New Hebrides. “Bourbon” was extremely susceptible to root
rot, mosaic, and gumming disease; “Cheribon” to sereh, mosaic, and root rot; and
“Caledonia” to mosaic (Edgerton 1958; Stevenson 1965). These initial cultivars
were replaced by new hybrids selected from emerging sugarcane breeding programs
(Fig. 3.3). Today, clones of S. officinarum are in breeding collections and/or culti-
vated as garden canes for chewing.

The first sugarcane breeding programs began in Java and Barbados in 1888, fol-
lowing the observations independently in Java (1858) and Barbados (1859) that sug-
arcane was capable of producing viable seed (Stevenson 1965; Kennedy and Rao
2000). Varieties produced by the Proefstation Oost Java, identified as (POJ) variet-
ies, became foundational for germplasm development in other countries which soon
established their own breeding stations to produce locally adapted varieties. Notable
among the early sugarcane breeding efforts for producing varieties with wide adap-
tation was Coimbatore, India (1912) that developed Co and NCo varieties (Fig. 3.3).
In the sugarcane breeding history that follows we describe these changes in four
stages: (1) breeding among noble canes (S. officinarum ) to produce noble cultivars,
(2) breeding through nobilization, i.e., interspecific hybridization with backcrossing
to noble cultivars to produce nobilized cultivars, (3) breeding of nobilized canes to
produce hybrid cultivars, and (4) breeding to broaden the genetic base.
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Fig. 3.3 Sugarcane Hybrid Foundations. Accessions of Saccharum species and the early crosses
among them that serve as the foundation for all modern cultivars of sugarcane. The early selections
from crosses by Proefstation Oost Java are named as a series of POJ varieties and those conducted
in Coimbatore, India are named as a series of Co varieties. The accessions of S. officinarum
(2n=280), S. spontaneum (2n=64-112) and S. Barberi (2n=92) were named where discovered and
served as the original sugarcane cultivars. Early generation crosses among S. officinarum produced
anew series of S. officinarum hybrids (S. off hyb: 2n=80), or when a different species was crossed
to S. officinarum the lines produced are Saccharum hybrids (S. hyb: 2n=112-148)
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3.4 Breeding of Noble Canes to Produce Noble cultivars

Progenies of open-pollinated noble canes were selected for sugar production. Each
selected seedling was assigned a call sign followed with a seedling number.
“Otaheiti” (“Lahaina,” “Bourbon”) produced the EK seedlings in Java, “H109” in
Hawaii, and “B716” in Barbados. In Queensland, “Q813” came from Badila, the
famous chewing cane, originating in New Guinea. These selected noble cultivars
were important for sugar production in the early 1900s. The original noble canes
and selected noble progenies were found susceptible to disease and insects and
limited to particular tropical environments. Breeders soon realized that the genetic
base of the noble canes needed to be broadened to improve their adaptabilities and
disease and insect resistance (Stevenson 1965).

3.5 Breeding Through Nobilization to Produce
Nobilized Cultivars

Nobilization is the pollination of noble cane S. officinarum with its wild relative
S. spontaneum followed by repeated backcrosses to noble canes. The wild relative
were considered “nobilized” through the breeding process and the selected hybrid
progenies are referred to as “nobilized canes” (Bremer 1961). A key event of early
nobilization breeding was the production of the nobilized cultivar, “POJ2878” in
1921 (Fig. 3.3) that became the most universal breeding cane ever developed and is
found in the pedigrees of almost all of the dominant cane varieties grown around
the world.

The first step of the nobilization process involved “doubling” of the S. officinarum
gametic chromosome number to the somatic chromosome number in the fertilized
egg with the addition of the gametic chromosome number of the wild clones of S.
spontaneum used as males. The mechanism to explain maternal transmission of
diploid chromosome numbers seems to involve the fusion of daughter nuclei after
the second meiotic division in the innermost megaspore dyad cell of S. officinarum
(Narayanaswami 1940). However, doubling also occurs in crosses involving the
species S. sinense as shown by Price (1957) and even modern cultivars (Piperidis
et al. 2010b). Subsequent steps in nobilization involved backcrossing the F1 to
another noble cane, where there could be a second doubling of maternal chromo-
somes, and then crossing the F2 once again to a noble cane, at which time normal
n+n transmission seems to be the norm.

More than 90 % of the accessions classified as S. officinarum have 2n=80, x=10
chromosomes whereas the most frequent chromosome number in S. spontaneum is
2n=64, x=8 (Panje and Babu 1960; Irvine 1999). Using these two chromosome
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complements as an example, one can envision nobilization in the following
simplified crossing scheme where NN =noble, 2n=80; SS =spontaneum, 2n =64.

Female x Male — Progeny (chromosomes) (% Spontaneum)
NN(80) x SS(64) — F, (80+32=112) (S %=29=100x%32/112)
NN(80) x F1(112) — BC, (80+56=136) S %=12)

NN(80) x B1(136) — BC, (40+68=108) (S %=17)

Progeny of F, and BC, have the nonreduced somatic complement (2n) of the
female parents plus the gametic number () of the male. Most cultivated nobilized
canes (BCs, BCss, etc.) have 100-130 chromosomes with about 5-10 % from S.
spontaneum (Fig. 3.4). Clones with chromosome numbers outside of this range are
rarely suited for commercial production

Following efforts to achieve interspecific crosses between Saccharum officinarum
and S. spontaneum, early sugarcane breeders realized that resultant F, progeny were
distinctively more robust than either parent. When S. officinarum clones were used
as the female parent, progeny tended to be larger stalked, higher in sucrose levels,
and generally more vigorous than when S. spontaneum clones were used as the
female parent. Reciprocal differences in vigor were eventually explained by the
cytological phenomenon of a high frequency of “2n+n” progeny in S. officinarum
(female) x S. spontaneum (male) crosses (Bremer 1923).

In Coimbatore, India, nobilization of S. barberi and S. spontaneum with S.
officinarum produced the famous early nobilized tri-species hybrids of “Co” seed-
lings (Fig. 3.3) that gained wide acceptance in subtropical regions in India, South
African, Australia, Louisiana, Argentina, and Brazil. The “Co” cultivars also were
used on the poorer soils and under marginal growth conditions in the tropics. After
1925-1930, nobilization breeding was seldom used (Stevenson 1965; Simmonds
1976; Ethirajan 1987).

3.6 Breeding of Nobilized Canes to Produce Hybrid Cultivars

Crosses among nobilized canes in the 1930s produced many important hybrid culti-
vars for sugar production in the next three decades (Fig. 3.3). Breeding of “POJ2878”
with other nobilized POJ canes produced cultivars “POJ3016” and “POJ3067.”
Together they occupied more that 85 % of the cane area of Java in 1960. Crossing of
“Co312” and “P0OJ2878” produced Hawaii’s most important cultivar, “H32-8560,”
which was responsible for 65 % of the cane area of Hawaii in 1945. “POJ2878” x
“C0290” produced “Co419” for the tropical area of India. The cross of “Co421” x
“Co312” was made in Coimbatore in 1938 to produce progeny of the cross that was
grown in Natal, South Africa, in the same year. One of the progeny selected in 1939,
“NCo0310,” became the most important cultivar of the world in the 1950s and 1960s
(Anonymous 1945; Nuss and Brett 1995). Even as late as the 1980s, “NCo0310” still
ranked first in growing area in Japan, Texas (USA), and Uruguay; second in Malawi
and Gabon,; third in Mexico, and fourth in Ecuador (Tew 1987).
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Commercial cultivars and hybrids from advanced stages of selection have been
the main breeding materials for the development of current cultivars since the 1950s.
The names of the current cultivars, rank in percent of area occupied, immediate
parents, and breeding stations of the world are listed in the World Sugarcane Variety
Census— Year 2000 (Tew 2003).

3.7 Breeding to Broaden the Genetic Base

Modern cultivars are essentially derivatives of no more than 15-20 nobilized culti-
vars that in turn trace back to the initial nobilized genetic base developed in Java and
India (Roach 1989). Genetic diversity in today’s advanced breeding populations is
expected to be somewhat narrower than that in the initial germplasm following more
than 100 years of directional selection (Walker 1987). Attempts to increase this nar-
row base, called the base broadening program (BB-program) were started in
Barbados in 1965 using clones different from those initially used in Java and India.
The BB-program started with nobilization crosses followed with hybridization of
nobilized canes. The BB-program has produced many semicommercial type clones
that are being incorporated into the gene pool of advanced breeding populations
since the late 1980s (Kennedy and Rao 2000). Other countries have tried BB-programs
over the past 50 years by crossing wild canes with their commercial cultivars.
However, none of these efforts was as long term nor as broad based as the BB-program
of Barbados and Louisiana

Our inability to trace or follow the incorporated germplasm into the germplasm
of the advanced breeding population through visual selection is perhaps the main
reason for failure of base broadening programs. Large favorable genetic variation
exists among clones of Saccharum species (Tai and Miller 2002). What is missing
is a breeding tool to assist breeders in incorporating useful genes from any source
into the gene pool of the advanced cultivars. Recent developments in biotechnology
are beginning to yield information and technologies that undoubtedly will help the
breeders to broaden the gene pool of their advanced breeding populations and pro-
duce higher yielding cultivars in the future.

4 Evolution and Improvement of Energy Canes

4.1 Basis for Biomass Breeding

Sugarcane has long been recognized as one of the world’s most efficient crops in
converting solar energy into chemical energy harvestable as biomass. The theoretical
upper limit for sugarcane biomass (total solids) production under a 365 day growing
season in the tropics has been estimated to be 177 t/ha-year (Waclawovsky et al.
2010). The maximum sugarcane biomass yields that have been achieved in several
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countries are just over half of the calculated theoretical maximum. Though limited to
tropical and subtropical climates, sugarcane is a worldwide crop, commercially
grown in 2004 in more than 80 nations. On a fresh weight basis, a larger mass of this
crop is harvested and transported for processing than any other crop in the world,
exceeding 1.6 billion tonnes (1,600 Mt) in 2008; sugarcane production in Brazil
alone reached 649 Mt (FAOSTAT Database: (http://apps.fao.org), from which
32.4 Mt of sugar and 24.5 billion liters of ethanol were produced (http://en.wikipe-
dia.org/wiki/Ethanol_fuel_in_Brazil)).

There are very few agronomic crops that rival sugarcane in energy conversion
efficiency. In comparison to sorghum and maize, sugarcane requires less nitrogen
input to achieve a full crop and it is generally cultivated as perennial crop, both
considerations contributing to its exceptional energy efficiency. The “energy ratio”
or “net energy balance” of sugarcane has been frequently cited as being far superior
to most agronomic crops—in the order of 3-8 units energy output for each unit of
energy input (Goldemberg 2008; Yuan et al. 2008).

4.2 Biomass Breeding Background

Sugarcane breeding and selection has traditionally focused on traits that result in
consistently high total sugar yield and sugar content at harvest and in minimal plant-
ing, crop maintenance, and harvesting costs. Milling considerations also come
increasingly into play as selections reach the more advanced stages of evaluation.
Mills require that dry fiber levels be within a fairly narrow range, usually 9-12 % of
fresh cane weight. The mills need sufficient fiber to efficiently process cane and to
have enough bagasse as a fuel source for their boilers to meet their own electrical
needs, including whatever electrical generation commitments they may have to the
surrounding community. High fiber levels result in reduced milling efficiency.
Penalties and incentives from the mill have tended to reinforce a stringent fiber
range that breeders have traditionally worked within toward genetically improving
sugarcane for commercial sugar production.

Alexander (1985), a pioneer energy cane advocate, argued that biomass yields
could be two- to threefold that of present expectations with a reorientation of cane
management involving (1) utilization of aggressive high-fiber genotypes, (2) utili-
zation of the whole plant including tops and leaves that have traditionally been
burned just prior to harvest, and (3) growth orientation from planting to harvest.

Sugarcane base broading efforts (see Sect. 3.7), primarily involving S. sponta-
neum, have resulted in germplasm that is well suited to most biomass breeding
strategies. Early-generation germplasm is generally more vigorous, better ratoon-
ing, adapted to more temperate environments, and more genetically diverse than
the commercial sugarcane germplasm from which they were derived. While early-
generation hybrids generally do not meet sugar and fiber levels required in com-
mercial sugarcane, such standards are no longer prohibitive where total energy
capture is sought.
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4.3 Biomass Breeding Strategies

Tew and Cobill (2008) described three distinctive strategies that have been followed
in the development of so-called energy canes.

Strategy 1: Status quo. Brazil, far and away the largest producer of ethanol from
sugarcane in the world, continues to focus on breeding higher yielding sugarcane
for ethanol production with essentially the same quality characteristics as those
found in traditional sugarcane. The Brazilian industry is best able to shift from an
ethanol emphasis toward refined sugar emphasis and vice versa, depending on eco-
nomics, following this strategy. Brazil’s sugarcane yields on a per-hectare basis
have increased substantially since 1986 as a result of genetic and technological
improvements, attesting to the success of this strategy (Xavier 2007).

Strategy 2: Type I energy cane—focus on sugar and fiber. The objective in this strat-
egy is to identify clones that possess the same or nearly the same sugar quality
characteristics found in traditional sugarcane, while possessing elevated fiber con-
tent. The energy cane concept advocated by Alexander (1985) and the varietal
model, US 67-22-2, that he used in Puerto Rico best conforms to this strategy. The
goal is to maximize total energy capture efficiency, but within limitations that allow
sugarcane to continue to be used as a sugar crop. In recent years the USDA Sugarcane
Research Facility located at Houma, Louisiana has released some high-fiber
Saccharum cultivars that fit into the Type I energy cane model.

Strategy 3: Type Il energy cane—focus on fiber only. The objective of this strategy
is to breed, select, and cultivate cane primarily or solely for its fiber content. Type 11
energy cane would be used as a feedstock source for generation of electricity and for
production of cellulosic biofuel. Type II energy cane cultivars would likely have
greatest appeal in mild temperate environments beyond the range that traditional
sugarcane can be successfully grown in, where freezing of above-ground tissue is
not only expected, but may even be desired in order to facilitate desiccation prior to
harvest. Obviously, winter survival would be a critically important trait in this sce-
nario. The Louisiana State University AgCenter and the USDA have both released
high-fiber Saccharum cultivars that fit into the Type I energy cane model for use in
US biofuels industry in southeastern US. The range of their winter survival outside
the Louisiana sugar belt has yet to be determined.

5 Other Uses

Sugarcane has several traits that contribute to its potential to become a key crop for
transition from petrochemical-based to bio-based economies. Sugarcane is fast-growing,
it produces a large biomass, partitions carbon into sucrose at up to 42 % of the dry
weight of the stalk, and has a mobile pool of hexose sugars through most of its life
cycle. The paucity of viable seed from commercial cultivars greatly reduces the potential
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for “transgene escape” from an agricultural crop engineered to produce industrial
chemicals. In addition, sugarcane regrows from the underground portions, or stools,
left in the ground after harvesting and therefore can be harvested multiple times,
reducing the potential for soil erosion and the costs of planting for crop establishment.
Sugarcane has relatively few pests and diseases and as a C4 plant it is an efficient user
of water and nitrogen.

Several groups have been involved in the development of sugarcane as a biofactory
for the transgenic production of high value proteins, plastics, and carbohydrates.
A group in Hawaii (Wang et al. 2005) focused on using transgenic sugarcane to pro-
duce human granulocyte macrophage colony stimulating factor (GM-CSF), which is
used in clinical applications for the treatment of neutropenia and aplastic anemia. This
work culminated in the first US field trial of transgenic sugarcane to produce a human
pharmaceutical protein. Accumulation of the GM-CSF protein was up to 0.02 % of
total soluble protein. Research at Texas A&M University used sugarcane to produce
pharmaceutical-grade human structural proteins for human therapeutics, likewise
accumulating very low levels of the desired product (Holland-Moritz 2003).

Groups in Australia tested the ability of sugarcane to be a biofactory for the pro-
duction of high value products other than proteins. Brumbley and coworkers
(Brumbley et al. 2002) engineered the genetic pathway for poly-3-hydroxybutyrate
(PHB) (Schubert et al. 1988; Peoples and Sinskey 1989a, b) into sugarcane. Because
PHASs have thermoplastic properties and are biodegradable, they are attractive alter-
natives to petrochemically derived plastics. Brumbley and coworkers (Brumbley
et al. 2002) targeted the products from the Ralstonia eutropha PHB biosynthetic
pathway to several subcellular compartments of sugarcane. In the best producing
line, polymer accumulated in the leaves at 1.2 % of dry weight, 0.4 % in the stem
rind, and 0.004 % in the stem pith. Analysis of height, weight, and sugar levels
revealed no significant difference between transgenic and wild type lines.

Sugarcane also was evaluated as a production platform for a major component of
liquid crystal polymers (LCP), p-hydroxybenzoic acid (pHBA), using two different
bacterial proteins, a chloroplast-targeted version of Escherichia coli chorismate
pyruvate-lyase (CPL) (Siebert et al. 1996) and a Pseudomonas fluorescens
4-hydroxycinnamoyl-CoA hydratase/lyase (HCHL) (Gasson et al. 1998). Both
approaches provide a one-enzyme pathway from a naturally occurring plant inter-
mediate. McQualter and coworkers (McQualter et al. 2005) demonstrated that
HCHL is the superior catalyst for production of pHBA in sugarcane leaf and stem
tissue. p-Hydroxybenzoic acid was quantitatively converted to glucose conjugates
by endogenous UDP-glucosyltransferases and was presumably stored in the vacu-
ole. The largest amounts detected in sugarcane leaf and stem tissue were 7.3 and
1.5 % dry weight, respectively, yet there were no discernible phenotypic abnormali-
ties in any of the sugarcane lines tested (McQualter et al. 2005). However, as a result
of diverting carbon away from the phenylpropanoid pathway, there was a reduction
in leaf chlorogenic acid, subtle changes in lignin composition, and an apparent com-
pensatory upregulation of phenylalanine ammonia-lyase (McQualter et al. 2005). In
addition to pHBA, vanillic acid also was produced in sugarcane plants expressing
the HCHL genes (McQualter et al. 2005).
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Other work in Australia focused on developing sugarcane as a platform for the
production of higher value isomers of sucrose, the naturally stored sugar of sugarcane.
Birch and coworkers engineered an efficient sucrose isomerase from the bacterium
Pantoea dispersa (Wu and Birch 2007) with a monocot promoter and a vacuolar
targeting sequence (Gnanasambandam and Birch 2004) and used this construct to
transform sugarcane for the production of isomaltulose. Isomaltulose accumulated
in sugarcane stem storage tissues of transformed plants without any decrease in the
stored sucrose concentration, resulting in up to doubled total sugar concentrations
in harvested juice (Wu and Birch 2007). The transformed sugarcane lines with
enhanced sugar accumulation also showed increased photosynthesis, sucrose trans-
port and sink strength, indicating a possible feedback signal for the production,
translocation, and storage of sucrose. This same group transformed sugarcane with
avacuole-targeted trehalulose synthase gene modified from the gene in Pseusomonas
mesoacididophila MX-45 to obtain plants with mature stem juice concentrations of
trehalulose reaching about 600 mM (Hamerli and Birch 2011). These plants retained
vigor and trehalulose production over multiple vegetative generations under glass-
house and field conditions.

Using sugarcane as a biofactory is an exciting area of research that could have a
tremendous impact on the sugarcane industries around the globe. However, many
hurdles must be overcome before this can become a commercial reality. To be com-
petitive with commercial protein production systems that use corn, alfalfa, rice, or
tobacco, workers will need to achieve much higher levels of protein expression in
the transgenic sugarcane stalk. This will require the continued identification of new
promoters, development of viral vectors, and overcoming both transcriptional and
posttranscriptional gene silencing. Furthermore, the details of how best to extract
and purify proteins at large scales from plants are not trivial. Experience in this area,
even with large companies, is scarce, particularly for sugarcane.

Biotechnology will not replace conventional sugarcane breeding, but it is another
tool that can be used in conjunction with marker-assisted selection and traditional
breeding for the continued improvement of sugarcane.
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Chapter 4
The Gene Pool of Miscanthus Species
and Its Improvement

Erik J. Sacks, John A. Juvik, Qi Lin, J. Ryan Stewart,
and Toshihiko Yamada

Abstract For more than a thousand years, people have used Miscanthus from wild
stands or managed landscapes, to feed their livestock, roof their homes, make paper,
dye possessions, and beautify their gardens. In recent decades there has been a call
to develop Miscanthus into a fully domesticated biomass crop for sustainable renew-
able energy needs. Miscanthus is broadly distributed throughout eastern Asia and
the Pacific islands, ranging from southern Siberia to tropical Polynesia, with a cur-
rent center of diversity in temperate northern latitudes. Adaptation to cold and tem-
perate environments is a distinctive feature of Miscanthus relative to other
Saccharinae, facilitating its potential to become an important biomass crop in
Europe and the USA. Auto- and allopolyploidy have played a role in the evolution
of Miscanthus and polyploidy will likely be of central importance for the develop-
ment and improvement of this crop. Variation for flowering time, including short-
day flower induction, will permit plant breeders to optimize local adaptation and
biomass-yield of Miscanthus, just as they have done for maize, sorghum and sugar-
cane. Germplasm collections that are representative of the genus and publicly avail-
able need to be established and characterized. Questions of taxonomy, origins, and
evolution need attention from the research community. A multidisciplinary approach
that includes population genetics, cytogenetics, molecular genetics, and genomics
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will be needed to rapidly increase our knowledge of the Miscanthus gene pool,
which will facilitate the development of improved cultivars.

Keywords Miscanthus * Saccharum * Miscanes ® Taxonomy ¢ Centers of origin
* Ploidy e Interspecific hybridization * Traditional uses ¢ Breeding

1 Singular Properties of the Genus and Its Members

Miscanthus is a perennial, warm-season C, grass. Some genotypes are highly pro-
ductive in temperate environments. Depending on environment and genetics, high
yields (1041 dry t ha™) of cultivated Miscanthus can be achieved with low inputs
(Clifton-Brown et al. 2004; Heaton et al. 2004, 2008; Xi 2000). Stands of cultivated
Miscanthus can remain productive for more than 10 years (Clifton-Brown and Jones
2001). Thus, over the last 20 years in Europe and more recently in the USA,
Miscanthus has been the focus of research to determine its potential as a sustainable
biomass crop for meeting renewable-energy needs (Clifton-Brown et al. 2004;
Scurlock 1998). Self-incompatibility (Hirayoshi et al. 1955) and adaptation to
diverse environments has resulted in great genetic diversity among and within natu-
ral Miscanthus populations but little of this has yet been used for crop development
or improvement.

Miscanthus has a broad natural geographic distribution in eastern Asia and
throughout the Pacific islands, from about 50°N in southern Siberia to 22°S
(Hodkinson et al. 1997, 2002a). A key distinctive feature of Miscanthus relative to
other members of the Saccharinae is that centers of Miscanthus genetic diversity
are in northern temperate latitudes. Thus, adaptation to temperate climates is a fea-
ture of many Miscanthus populations, making the genus especially attractive for
development of a perennial biomass crop adapted to North America and Europe.

Adaptation of some Miscanthus populations to temperate environments can
manifest as the ability to over-winter though USDA hardiness zone 3, and/or as
spring regrowth preceeding other warm-season C, grasses by 2—4 weeks. Perhaps
the most important and fundamental adaptation of Miscanthus to temperate envi-
ronments is the ability of some genotypes to maintain high photosynthetic rates at
temperatures below 12 °C (Beale et al. 1996; Naidu et al. 2003; Wang et al. 2008).
In contrast to Miscanthus, CO, assimilation in its Saccharinae relatives, sugarcane,
maize, and sorghum, is greatly reduced at temperatures below 14 °C. Thus,
Miscanthus can produce more biomass per season than maize in the Midwest US
(Dohleman and Long 2009) and in southern England (Wang et al. 2008).

Miscanthus is closely related to Saccharum officinarum and its primary wild pro-
genitor, S. robustum (Amalraj and Balasundaram 2006; Hodkinson et al. 2002a).
Sugarcane improvement programs have produced fertile intergeneric progeny of
Miscanthus and Saccharum (Chen 1993; Chen and Lo 1989; Li et al. 1951).
Morphological distinctions between the genera are primarily the presence in
Miscanthus of pedicels on both of the paired florets, with one pedicel longer than the
other, whereas in Saccharum one floret of each pair is pedicellate and one is sessile.
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The name Miscanthus, derived from the Greek words mischos for stalk and anthos for
flower, refers to this distinctive anatomy. In addition, the tough rachis of Miscanthus
contrasts with the fragile rachis of Saccharum. Cytogenetically, Miscanthus differs
from Saccharum by having a basic chromosome number of x=19 in contrast to x=10,
which predominates in the Saccharinae. How x=19 evolved has been a subject of
considerable interest. Hirayoshi et al. (1959); Adati and Shiotani (1962); Grassl
(1974) hypothesized that Miscanthus is an amphiploid derived from a cross between
an n=10 and n=9 species. Recently, three research groups that developed genetic
maps of Miscanthus came to the same conclusion that x=19 resulted from a whole
genome duplication and the fusion of two chromosomes (Kim et al. 2012;
Swaminathan et al. 2012; Xue-Feng et al. 2012). The chromosome fusion event
appears to have occurred after the genome duplication (Xue-Feng et al. 2012), and
thus x=19 was likely not the result of interspecific hybridization.

A group of African Miscanthidium species have been placed in Miscanthus by
some workers but these differ from the eastern Asian species by having a basic
chromosome number of x=15 and molecular marker profiles indicating that they
are more closely related to Saccharum narenga and Saccharum (Erianthus) contor-
tum (Amalraj and Balasundaram 2006; Hodkinson et al. 1997, 2002a). Similarly,
the Himalayan-centered Diandranthus species have often been placed in Miscanthus
but they have a chromosome number (2n=40), stamen number (2 in contrast to 3),
and a molecular marker profile that indicates that they are more closely related to
Sorghum than to the eastern Asian Miscanthus (Amalraj and Balasundaram 2006;
Hodkinson et al. 1997, 2002; Shouliang and Renvoize 2006).

The genus Miscanthus can be divided into two sections (Lee 1993): sect. miscant-
hus, which includes M. sinensis, M. floridulus, M. tinctorius, M. oligostachyus, and
M. intermedius, and sect. triarrhena, which includes M. sacchariflorus and the eco-
nomically important M. sacchariflorus var. lutarioriparius (syn. M. lutarioriparius or
Triarrhena lutariariparia). Distinguishing phenotypic characteristics of Sect. miscan-
thus are tufted habit, typically with short rhizomes, nodes on culms typically lacking
buds except at the base of the culm, no adventitious roots, spikelets typically with awns
though sometimes awnless, and leaves that are usually pilose on the abaxial surface but
sometimes glabrous. In contrast, sect triarrhena is distinguished by a strongly rhi-
zomatous and spreading habit, culms typically having buds at the nodes, adventitious
roots, awnless spikelets, and leaves that are glabrous on the abaxial surface.

2 Centers of Diversity, Secondary and Tertiary Gene Pools,
Germplasm Resources

2.1 Centers of Diversity

The primary center of Miscanthus diversity is in China, especially between ~25—
35°N and ~110-120°E (Sun et al. 2010). In this region M. sinensis, M. floridulus,
M. sacchariflorus, and M. sacchariflorus var. lutarioriparius are found. Individuals
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in the Chinese populations are nearly always diploid though rare triploids or tetra-
ploids are sometimes observed. Many local varieties are found in China, reflecting
the wide distribution of the species and the broad range of climates, latitudes,
altitudes and soil types to which Miscanthus has adapted.

Japan is an important secondary center of diversity. In contrast to China, where
polyploid individuals are rarely observed, polyploidy has been important in the evo-
lution of Miscanthus in Japan. In Japan there are three endemic species of subsect.
kariyasua (Ibaragi and Ohashi 2004; Sun 2009): M. tinctorius, M. oligostachyus,
and M. intermedius. The former two species are diploid but M. intermedius is a
hexaploid with apparently multiple homologous copies of a single genome (Adati
and Shiotani 1962). M. sinensis and M. floridulus are also found in Japan. Notably
absent from Japan are reports of diploid M. sacchariflorus (Adati and Shiotani 1962;
Hirayoshi et al. 1957).

However, an allopolyploid species derived from M. sinensis and M. sacchariflorus
is found throughout much of Japan (Adati 1958a; Adati and Shiotani 1962; Hirayoshi
et al. 1957). These allopolyploids are predominantly tetraploid, but less frequently
triploid or pentaploid. They are highly rhizomatous and awnless, and have fre-
quently been described in the literature as M. sacchariflorus (Ogi in Japanese)
because of the morphological similarity to that species (Adati and Shiotani 1962;
Hirayoshi et al. 1957; Hodkinson et al. 2002b). Similar polyploids have not been
found in China. There is currently insufficient data to exclude the possibility that
some of the polyploid Japanese Ogi are autotetraploid forms of M. sacchariflorus
but the available data does not suggest that this is likely. Evidence for allopoly-
ploidy of Japanese Ogi comes from studies of chromosome pairing, karyotype
studies, estimates of genome size, and DNA sequence data. Adati and Shiotani
(1962) observed that natural triploid Japanese Ogi produce an approximately com-
plete set of bivalents with occasional trivalents during meiosis, and that an artificial
triploid progeny, derived from diploid M. sinensis/tetraploid-Ogi, behaved similarly,
indicating the presence of two different types of genomes, one of which was fully
homologous to M. sinensis and the other of which was only partially homologous to
M. sinensis. Adati and Shiotani (1962) discussed that the natural triploid plant was
derived from a cross of M. sacchariflorous and M. sinensis. Further support for the
presence of two types of genomes in Japanese Ogi comes from observations that
tetraploids had only one pair of intercalary trabant chromosomes (SAT-chromosomes)
and triploids had one or two SAT-chromosomes (Adati 1958a; Adati and Shiotani
1962; Lafferty and Lelley 1994; Linde-Laursen 1993). In contrast, autopolyploids
within sect. miscanthus were observed to have a number of SAT-chromosomes
equivalent to the number of genomes; diploids had two, triploids had three and
hexaploids had six (Adati and Shiotani 1962). Rayburn et al. (2009) found that the
genome size of diploid M. sacchariflorus was 4.5 pg, M. sinensis was 5.5 pg and an
allotriploid was 7.0 pg, which is consistent with expectations. Lastly, by comparing
nuclear (nrITS) and chloroplast (trnL-F) DNA sequences of a triploid Japanese
Ogi with diploid M. sinensis and diploid M. sacchariflorous, Hodkinson et al.
(2002c) found that the sequence variation was consistent with the conclusion that
the triploid was an allopolyploid derived from M. sacchariflorus and M. sinensis and
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that the female ancestor was M. sacchariflorus. Sequence data from Swaminathan
et al. (2010) generally agreed with the data from Hodkinson et al. (2002c).
Hodkinson and Renvoize (2001) formally defined the nothospecies, M. xgiganteus,
as a hybrid of M. sinensis and M. sacchariflorus. Matumura (1998a) speculated M.
xgiganteus to be the same taxon as Miscanthus ogiformis (Honda 1939).

The Korean peninsula, with its long north—south axis and associated range of
environments, is another secondary center of Miscanthus diversity. Lee (1993)
indicated that M. sinensis and M. sacchariflorus are present in Korea. Interestingly,
Lee’s (1993) descriptions suggest that both diploid M. sacchariflorus and M.
sinensis/M. sacchariflorus allopolyploids may be present in Korea. An especially
intriguing finding from an AFLP diversity study of Korean and Japanese Miscanthus
was that one Korean plant identified as M. sacchariflorus was in an isolated phylo-
genetic position between the other Korean M. sinensis and M. sacchariflorus geno-
types, which is what one would expect to see for an allopolypoid (Lledé et al. 2001).
Unfortunately Lled¢ et al. (2001) did not report on the cytogenetic constitution of
the materials in their molecular marker study. Further work is needed to clarify the
range of the M. sinensis/M. sacchariflorus allopolyploids. Lee (1993) also reported
the presence of two subsect. kariyasua species in Korea: M. oligostachyus var.
intermedius, and an awned, tufted endemic species, M. changii. Ibaragi and Ohashi
(2004) revised subsect. kariyasua and reclassified M. oligostachyus var. interme-
dius as M. longiberbis var. longiberbis and M. changii as M. longiberbis var.
changii. However, neither of the Korean subsect. kariyasua classifications were
supported by cytogenetic or molecular marker data. Nevertheless, the published
reports taken together suggest that Korea may represent an important evolutionary
link between Miscanthus populations on the Asian mainland and those on the
nearby islands of Japan.

2.2 M. sinensis

In Asia, M. sinensis is the most broadly distributed Miscanthus species. It is found
primarily in China, Korea, and Japan (Lee 1993; Lee 1964a, b; Shouliang and
Renvoize 2006; Sun 2009; Sun et al. 2010). M. sinensis is also reported to be found
through mainland Southeast Asia to Borneo and the Philippines (Inthakoun and
Delang 2008; Lee 1964b; Newman et al. 2007). Thus, its northern range extends to
USDA hardiness zone 4 in Liaoning and Jilin provinces in China, and Primorsky
Krai, the Kuril Islands, and Sakhalin in Russia, while in the southernmost part of its
range it is adapted to lowland and upland tropics. M. sinensis is found from sea level
to 2,500 m, though most plants at high elevations are in the central and southern
parts of the species’ range. It is commonly found on mountain slopes, in open grass-
lands, on roadsides, and in open coastal areas (Lee 1964b; Shouliang and Renvoize
2006; Stewart et al. 2009; Sun et al. 2010). Some populations very near the ocean
shore may be sources of tolerance to salt (Chiang et al. 2003a). Well-drained sites
are typically preferred, though occasionally populations are found in wet soils near
fresh water. Areas that are regularly but infrequently disturbed, such as by grazing,
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mowing or burning, favor the development and maintenance of large populations by
preventing trees and shrubs from outcompeting grassland plants (Iwanami 1969;
Stewart et al. 2009). Molecular marker studies of M. sinensis have begun to charac-
terize genetic variability within natural populations and groups of European orna-
mental cultivars, and though sampling so far has been limited, the results are
consistent with the wide morphological diversity observed (Greef et al. 1997;
Hodkinson et al. 2002b; Lledé et al. 2001).

A winter dormancy response to changing conditions in the autumn is typical of
most M. sinensis populations from temperate environments. In contrast, populations
from tropical and subtropical environments (e.g., Hainan, Guangxi, Guangdong,
Yunnan, and Taiwan), as well as var. condensatus from coastal Japan, are typically
evergreen. In fact, under favorable conditions, such as a warm greenhouse in IL,
many northern-adapted M. sinensis genotypes will continue to grow actively.
However, genotypes that are adapted to be evergreen in tropics or subtropics do not
typically go dormant under field conditions in cold-temperate environments.

M. sinensis plants typically flower once per year, primarily towards the end of
the growing season from August to November. Northern-adapted populations of M.
sinensis are day-neutral (Clifton-Brown et al. 2008). Indeed, some M. sinensis gen-
otypes can initiate flowers under 24 h of daylight. In contrast to the northern materi-
als, short-day flower initiation is typical in M. sinensis populations from the
southernmost Chinese provinces of Hainan, Guangxi and Yunnan, and presumably
in the adjacent countries to the south. If grown in a common garden, northern geno-
types typically flower earlier than southern genotypes, even if only day-neutral
types are compared. Thus, flowering time may be regulated by response to growing
degree days, photoperiod or both (Jensen 2009). Height typically ranges from 0.7 to
3 m (Lee 1993; Lee 1964a, b; Renvoize 2003; Shouliang and Renvoize 2006; Sun
etal. 2010). Tall genotypes are typically more common in the south than in the north
but this is related to flowering time, as each culm terminates in an inflorescence.
Clifton-Brown et al. (2001b) also observed that Miscanthus height and yield are
influenced by flowering time. Optimization of flowering time, especially by select-
ing for presence, absence or degree of response to day length has been a major
theme of domestication in the Saccharinae and for crops in general. Thus, variation
for photoperiodic control of flowering represents an important opportunity for
Miscanthus improvement (Jensen 2009).

M. sinensis var. condensatus from coastal areas throughout Japan and from the
island of Taiwan is potentially an important resource for breeding improved
cultivars for biomass yield and for studies of Miscanthus genetics. Indeed, several
cultivars of var. condensatus, ‘Imazo’, ‘Yoreba’, ‘Hiroba’, ‘Boukou’, and ‘Nogura’
were developed by farmers and used as forages on the Izu Islands of Japan (Matumura
1998b). Genotypes of var. condensatus are typically robust, tall (2-4 m), late
flowering and have wide leaves. The ornamental cultivars ‘Cabaret’, ‘Cosmopolitan’,
and ‘Emerald Shadow’ are examples of var. condensatus that are common in the
USA. Though var. condensatus possesses traits of value for breeding high-biomass
cultivars, their tendency to stay green past initial frosts makes them less hardy in
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cold continental climates than varieties with a strong dormancy response. For
example, ‘Cabaret’ plants grown in the field in central Illinois, USA (USDA
hardiness zone 6) remain green and undamaged in the late autumn through —4 °C
but the leaves freeze out when temperatures drop below —6 °C. In the southernmost
part of its natural range, populations of var. condensatus have been reported to be
self-compatible or apomictic (Chiang et al. 2003b; Chou et al. 2000). A self-com-
patible Miscanthus would be a useful tool for genetic studies, especially for identi-
fying phenotypic effects of low-frequency recessive genes (e.g., nonshattering)
which seldom achieve homozygosity in self-incompatible populations. In addition
to being useful for studying naturally occurring recessive genes, self-compatibility
would facilitate the use of mutagenesis strategies for understanding gene function.
On the other hand, apomixis could enable plant breeders to produce uniform,
heterozygous, clonal varieties from seed.

For over a century, M. sinensis cultivars have been grown as ornamentals in
Europe and the USA (Darke 1994, 2007; Deuter and Abraham 1998). More than 85
cultivars are currently sold in the US nursery trade. Anecdotally, among these orna-
mental M. sinensis cultivars, height ranges from 0.3 to 3 m and the start of flowering
ranges from June to November. Thus, the M. sinensis germplasm currently in Europe
and the USA encompasses considerable genetic diversity that can be used to develop
high-biomass Miscanthus cultivars and for studying the inheritance of key traits.

2.3 M. floridulus

M. floridulus is morphologically similar to M. sinensis but is primarily adapted to
tropical and subtropical environments. M. floridulus is a robust, tall (1-5 m), ever-
green species (Lee 1964a, Lee 1964c; Shouliang and Renvoize 2006; Sun et al.
2010). In addition to height, characteristics that typically distinguish M. floridulus
from M. sinensis (Lee 1964a, b, ¢ Shouliang and Renvoize 2006; Sun et al. 2010)
include large panicles (axis 16—45 cm) with numerous racemes (20—100) and spike-
lets that are short (2.5—4 mm), in contrast to short panicles (axis 3—22 cm) with
several racemes (4—40) and spikelets that are long (4—7 mm). The abaxial leaf sur-
face of M. floridulus is typically glabrous but in M. sinensis it is usually pilose.
Also, the lower racemes of M. floridulus are longer than the upper ones, often giving
the inflorescence the overall shape of a chef’s knife (broad at the base and narrow at
the top), which is a distinct appearance from the more uniformly long racemes of
M. sinensis. In China, M. floridulus has a unique bimodal distribution for flowering
time, flowering at the beginning and again at the end of the summer rainy season.
Though typical forms of M. floridulus and M. sinensis can be readily distinguished
from each other, the distributions of phenotypic characteristics of both species over-
lap (Sun 2009; Sun et al. 2010). Moreover, interbreeding between the two species
can occur where they occupy the same geographical area. Thus, reports of M. sin-
ensis in tropical areas that are based solely on morphology should be interpreted



80 E.J. Sacks et al.

with caution. Molecular marker studies will be useful for clarifying the southern-
most distribution of M. sinensis (Scally et al. 2001).

The geographic range of M. floridulus extends from ~35°N in southern coastal
Japan and in Anhui and Hubei provinces in China (USDA hardiness zone 8),
throughout tropical Southeast Asia to Micronesia, New Guinea and Polynesia
(Christophersen 1935; Florence and Lorence 1997; Haberle 2007; Lee 1964a, c). In
much of its range, M. floridulus is found primarily in coastal lowlands but in New
Guinea it is found in from 1,000 to 2,800 m (Haberle 2007; Lee 1964a; Reeder
1948). The presence of M. floridulus on two large land masses that are at opposite
ends of the species’ north—south range leads to a fundamental question of its origin:
Did M. floridulus originate in mainland Southeast Asia and spread southward or did
it originate in New Guinea and spread northward? Lee (1964a) considered
M. floridulus the most ancestral of the Miscanthus lineage and this is supported cur-
rently by limited molecular marker data (Chiang et al. 2003b) though in other stud-
ies such a relationship is not evident (Hodkinson et al. 2002a). In a common-garden
experiment, Chou et al. (2001) found that Taiwanese M. floridulus that grew well at
1,000 m did not survive a colder environment at 2,600 m, whereas upland M. sinen-
sis var. transmorrisonensis grew well at both test sites, indicating that adaptation to
cooler environments is a derived trait and that adaptation to warm environments is
the ancestral state for Miscanthus. A New Guinea origin of Miscanthus is an espe-
cially intriguing hypothesis because some of its closest relatives (e.g., S. robustum
and S. officinarum) possibly also originated in New Guinea (Amalraj and
Balasundaram 2006; Hodkinson et al. 2002a; Ramdoyal and Badaloo 2002).
However, Grassl (1974) argued that Miscanthus and Saccharum originated in Asia.
Molecular genetics studies should shed light on the origins of Miscanthus but to-
date, sampling of germplasm, especially of M. floridulus, has been too limited to
draw conclusions. Though the origin of Miscanthus is currently uncertain, an answer
to the question would impact strategies for conserving germplasm and for using it
to develop biomass cultivars.

2.4 M. sacchariflorus

M. sacchariflorus is a strongly rhizomatous, temperate-adapted species, with the
most northerly range in the genus. It is found in southern-Siberia, China and Korea.
With rare exception, it is nearly always diploid. The type region of M. sacchariflorus
is the Amur River watershed, which is USDA hardiness zone 3 (Hictchcock 1971;
Lee 1993; Maximowicz 1859). The southern range of M. sacchariflorus extends to
the Yangzi River watershed at ~28°N in northern Jiangxi and Hunan provinces in
China (USDA hardiness zone 9). In contrast to other Miscanthus species, it is com-
monly, though not exclusively, found in moist soils along the banks of rivers and
lakes (Lee 1993; Shouliang and Renvoize 2006; Sun et al. 2010). In contrast to
M. sinensis and M. floridulus, stems of M. sacchariflorus can be hollow, which may
be an adaptation to flooded soils. The typical form of the species is from 0.7 to
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2.5 m tall with culms 5-10 mm in diameter (Lee 1993; Shouliang and Renvoize
2006; Sun et al. 2010). Taller genotypes are more prevalent in the south than in the
north. The typical form of the species flowers early in late summer or early autumn,
apparently is day-neutral for flower initiation, and has a strong dormancy response
in the early autumn. In fact, northern-adapted M. sacchariflorus can go dormant in
the autumn even when grown in a warm greenhouse, and such dormant plants can
regrow in the spring. M. sacchariflorus ‘Robustus’, which can reach 2.4 m and is
very cold-hardy, has been included in the living collections of many botanical gar-
dens in Europe and the USA, and has been sold in the nursery trade. Cultivation of
M. sacchariflorus ‘Robustus’, in Europe may date back to the late nineteenth cen-
tury from the collections by Maximowicz (M. Deuter, personal communication).

M. sacchariflorus var. lutarioriparius is a tall (3—7 m), thick-stemmed (8-25 mm),
strongly rhizomatous, highly spreading, and vigorous plant that is found in season-
ally flooded riparian sites in the Yangtze River watershed east of 110°E and from 28°
to 35°N (Fig. 4.1) (Chen and Renvoize 2005; Liu and Yu 2004; Sun 2009; Sun et al.
2010; Xi 2000). Unlike the typical form of the species, M. sacchariflorus var. lutari-
oriparius flowers late, in October, and culms can have more than twice as many
nodes, indicating that it is likely a short-day plant. It is cultivated on large areas, in
near monocultures along the edges of lakes and rivers. Yearly harvests of dry stems
are stored for commercial production of paper (Xi 2000). Xi (2000) reports yields in
China of 22-41 dt ha™'. In contrast to most other Miscanthus, M. sacchariflorus var.
lutarioriparius sheds its older lower leaves at the nodes, leaving behind clean culms.
Leaf loss in M. sacchariflorus var. lutarioriparius may have evolved as an adaptation
to reduce drag during seasonal flooding. Leaf loss is potentially a quite useful trait for
improving the quality of biomass cultivars because leaves contain a greater propor-
tion of minerals relative to cellulose and lignin than culms.

2.5 M. xgiganteus

Hodkinson and Renvoize (2001) based their description of M. xgiganteus on a ster-
ile triploid individual that was imported from Yokohama, Japan to Denmark in the
1930s by ‘Aksel Olson’ (Deuter and Abraham 1998; Greef and Deuter 1993; Greef
et al. 1997; Linde-Laursen 1993; Nielsen 1990). This genotype is high-yielding
(14-30 dt ha™", tall (3—4+m) and broadly adapted to many agricultural regions of
Europe and the USA (Clifton-Brown et al. 2001b, 2004; Heaton et al. 2004, 2008;
Pyter et al. 2007). A key part of its broad adaptation to temperate environments is
its ability to maintain high rates of photosynthesis at low temperature (Beale et al.
1996; Dohleman and Long 2009; Naidu et al. 2003; Wang et al. 2008). High yield
and height are at least partly achieved by late flowering, which might be attributed
to a moderate, short-day flowering response. In Germany and the UK, it does not
flower before the first autumn frost in most years, yet a dormancy response is typi-
cally observed (Clifton-Brown et al. 2001b; Pyter et al. 2007), demonstrating at
least a partial decoupling of dormancy and flowering in this genotype. It is clonally
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Fig. 4.1 Miscanthus sacchariflorus var. lutarioriparius grown in Hunan, China as a feedstock for
paper production

propagated, typically from rhizome cuttings, generating mature stands by years 3—4
and providing yields which can be maintained for 20 or more years of production
(Lewandowski et al. 2000). Once established, the stands are so dense that there is
no need for weed control. It has greater water use efficiency than corn (Beale et al.
1999) and because of its capacity to reallocate minerals and other nutrients to the
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underground rhizomes in the fall (Christian and Haase 2001), has extremely high
nitrogen use efficiency (Beale and Long 1997). Molecular marker data indicate that
there is currently one predominant M. xgiganteus genotype in Europe and the USA
(Greef et al. 1997; Hodkinson et al. 2002b). In the scientific literature, this predomi-
nant genotype is often referred to by only its species name, but in other cases it has
been given different genotypic identifiers. Given that M. xgiganteus is a species, of
which there are an infinite number of potential genotypes, we propose that the pre-
dominant genotype currently grown in the West, and described by Hodkinson and
Renvoize (2001) and Greef and Deuter (1993) be referred to as M. xgiganteus
‘Aksel Olson’ (see Darke 2007). ‘Aksel Olson’, and perhaps a few sports of this
genotype, has been the foundation of nearly all efforts in Europe and the USA to
establish a commercial Miscanthus biomass industry. Deuter and Abraham (1998)
reported that another triploid genotype called M. xgiganteus ‘Harvey’ was imported
from Japan to England in the 1980s. Such a narrow germplasm base for a crop is a
great risk, as susceptibility to a single pest or pathogen could destroy all commercial
plantings.

Given the confusion in the literature about the definition of M. xgiganteus, it is
worth reviewing that the International Code of Botanical Nomenclature (McNeill
et al. 2000) is clear that a nothospecies is defined by its parental species and not by
its ploidy or genomic composition (see the Oenothera example in article H.4,
Appendix 1). Backcrosses to either parental species are also included in the
nothospecies definition (McNeill et al. 2006). Therefore, any interspecific combina-
tion of M. sinensis and M. sacchariflorus, regardless of whether the progeny are
diploid, triploid, tetraploid or higher, are by definition correctly named M. xgiganteus.
Thus, to the extent that the indigenous Miscanthus polyploids of Japan, Ogi, are
known to be allopolyploids derived from M. sinensis and M. sacchariflorus, these
too are most accurately described as M. xgiganteus (unless of course an earlier
legitimate name is found in the literature). The name M. ogiformis has been used to
describe hybrids of tetraploid Ogi and diploid M. sinensis (Hirayoshi et al. 1957,
Honda 1939; Linde-Laursen 1993) but Hodkinson et al. (2002¢) chose not to use
this name in place of the newer M. xgiganteus. Honda (1939) provided a Latin
description and a type specimen for M. ogiformis but he did not directly define the
species as a hybrid of M. sacchariflorus and M. sinensis, though he indicated by its
Japanese name, Ogi-susuki, that it was thought to be such a hybrid (Susuki is the
common name of M. sinensis in Japanese). This leads us to conclude that M. xgigan-
teus, which is unambiguously defined in Latin as a hybrid of M. sinensis and
M. sacchariflorous (Hodkinson and Renvoize 2001), is the appropriate name to use
for such hybrids. Given this conceptual framework of M. xgiganteus as an allopo-
lyploid of M. sinensis and M. sacchariflorus, it will be important for workers to
know the ploidy level of the genotypes they study and communicate this to others.

The indigenous M. xgiganteus of Japan are typically late flowering, short-day
plants, with stout rhizomes. They are typically tetraploid, though rarely triploid or
pentaploid (Adati and Shiotani 1962; Hirayoshi et al. 1957). In the northern part of
their range, they rarely, if ever, produce seed but instead propagate vegetatively by
rhizomes and aboveground axillary buds. The genetic source of short-day flower
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initiation in Japanese M. xgiganteus is unknown but an understanding of how this
evolved would help guide plant breeders who wish to remake the cross to develop
improved cultivars. One possibility is that a short-day M. sinensis from the tropics
or subtropics of Southeast Asia combined with northern-adapted M. sacchariflorus,
perhaps with the aid of a typhoon to bring seed of the M. sinensis parent northward.
Another possibility is that M. sacchariflorus var. lutarioriparius combined with a
northern-adapted day-neutral M. sinensis. In either scenario diploid progenies with
some fertility would have likely been produced. Perhaps chromosome doubling
improved chromosome pairing and fertility while establishing a high degree of
genetic isolation from the parental species, and thereby providing a selective advan-
tage for the tetraploid. Molecular marker and cytogenetic studies of germplasm
from China, Korea and Japan will be needed to obtain a clearer understanding of
how M. xgiganteus evolved.

2.6 M. tinctorius

M. tinctorius, is a tufted, shade-tolerant plant with narrow leaves that has a limited
geographic distribution in central Honshu, Japan, primarily along the west coast
between 1,000 and 1,500 m (Adati and Shiotani 1962; Hirayoshi et al. 1957,
Ibaragi and Ohashi 2004; Lee 1964c; Matumura and Yukimura 1975). Its Japanese
name, Kariyasu, means easy to cut, in reference to its traditional use for fodder
(Hirayoshi et al. 1957; Matumura and Yukimura 1975). As its specific epithet indi-
cates, it also has traditionally been used for making dyes, especially brilliant yel-
lows (Darke 2007; Watanabe and Takahashi 2006). Perhaps the trait of potentially
greatest value in M. tinctorius is its notably short callus hairs, which are only
1-2 mm long and usually half or less than the length of the spikelet (Clayton et al.
2010; Sun 2009). Callus hairs catch the wind and thereby disperse the seed. Loss
of natural seed-dispersal mechanisms is a common feature of crop domestication
and it would be desirable to limit seed dispersal of Miscanthus as we domesticate
it to be a biomass crop.

2.7 Saccharum

As discussed in detail by Moore et al. (Chapter 3, this volume), modern sugarcane
cultivars are complex hybrids of S. officinarum, S. robustum and S. spontaneum;
they are highly polyploid and often aneuploid yet they are typically fertile (Burner
1997; Ramdoyal and Badaloo 2002). During the past 70 years, crosses between
sugarcane cultivars and Miscanthus have been made many times, primarily to intro-
gress genes for disease-resistance into sugarcane (Chen 1993; Chen and Lo 1989;
Grassl 1974; Li et al. 1948, 1951, 1961; Xiao and Tai 1994). In addition, natural
hybrids between sugarcane and Miscanthus have been reported in the South Pacific
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(Grassl 1959). Unreduced gametes have been an important feature of
Saccharum/Miscanthus crosses. Progeny of Saccharum/Miscanthus have been pro-
duced from gametes that were: 2n+n, n+n, and n+2n (Burner 1997; Chen et al.
2000; Li et al. 1948, 1951, 1953; Loh and Wu 1949). The type of progeny produced
was influenced by parental genotype (Burner 1997; Li et al. 1948, 1953). In 2n+n
progeny, characteristics of the Saccharum parent, such as thick culms, predomi-
nated (Lietal. 1948, 1953). In contrast, n+n and n+2n progeny had more Miscanthus
traits, such as culm diameter that was intermediate but biased towards the thinner
Miscanthus parent (Li et al. 1948, 1953). Progeny have also been produced from the
reciprocal cross, Miscanthus/Saccharum (Jorge Da Silva, personal communica-
tion). These intergeneric progeny, which are sometimes referred to as miscanes,
vary in fertility but have been used successfully in further crosses. Chen et al. (2000)
reported using an F, miscane as a male parent to backcross disease-resistance genes
into sugarcane. In subsequent generations, chromosomes of either parent can be
lost. Grassl (1974) obtained hybrid progeny when he crossed Miscanthus as the
female parent with S. arundinaceum, S. ravennae, or S. procerum. Given that sug-
arcane has been successfully crossed to Sorghum multiple times (de Wet et al. 1976;
Gupta et al. 1978), it is not inconceivable that hybrids between Miscanthus and
Sorghum might someday be made, either directly or in combination with
Saccharum.

3 Miscanthus Improvement and Uses

3.1 Traditional Uses

In its native range, Miscanthus historically has been used for a wide variety of pur-
poses including, long-lasting thatch, grazing, and fodder (Christophersen 1935;
Iketani and Ida 2008; Matumura and Yukimura 1975; Stewart et al. 2009). In some
cases plants were harvested from wild stands but in other cases people have man-
aged landscapes by burning, harvesting or grazing to encourage growth of
Miscanthus. Japanese grasslands dominated by M. sinensis have been managed by
burning for several thousand years (Miyabuchi and Sugiyama 2006; Ogura et al.
2002), which was apparently originally due to the need to facilitate successful hunt-
ing of wild game by indigenous peoples. However, the need for managing the grass-
lands of Japan then shifted to supplying a source of long-lasting thatching material
for houses and traditional religious structures (Koyama 1987; Iketani and Ida 2008;
Yoshida et al. 2008). These grasslands were also harvested as fodder for livestock.
At least in one M. sinensis-dominated grassland on Kyushu Island in southern
Japan, grass is still harvested as feed for native Japanese breeds of cattle (Wagyu)
(Nakaboh, personal communication). Interestingly, the primary use of M. sinensis-
dominated grasslands in Japan is currently for tourism (Gartelmann 2001). In New
Guinea and Taiwan, young Miscanthus shoots are sometimes used for human con-
sumption (AVRDC 2003; French 2006). In Europe and the USA, Miscanthus has
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Fig. 4.2 Ornamental cultivars of Miscanthus sinensis (foreground) and M. xgiganteus “UIUC”
(background) in Champaign, IL

been grown, as an ornamental garden plant, from Victorian through to modern times
(Darke 1994).

M. tinctorius, which has been traditionally used for making dyes, may be furthest
along the path to domestication of the Miscanthus species, as evidenced by its very
short callus hairs, which reduce its capacity to propagate, and by recent observa-
tions that its numbers in the wild are dwindling as it intercrosses with M. oligos-
tachyus (Sun 2009; H. Watanabe, personal communication). Efforts to conserve
M. tinctorius in its pure form should be undertaken.

3.2 Breeding Strategies for Bioenergy Feedstocks

During the past century there have been a few efforts to breed Miscanthus for a
variety of purposes. In China, M. sacchariflorus var. lutarioriparius was bred as a
feedstock for paper production. In Japan, a breeding program was initiated during
the 1950s to develop Miscanthus, especially M. sinensis and M. sinensis/M.
sacchariflorus hybrids, as a forage crop (Adati 1958b; Hirayoshi et al. 1960).
Matumura et al. (1985, 1987) continued the work on triploid and tetraploid
M. sinensis/M. sacchariflorus hybrids started by Hirayoshi et al. (1960). In Europe,
a considerable breeding effort, especially by nurseryman Ernst Pagels (Darke 1994,
2007), to develop ornamental Miscanthus cultivars has made Miscanthus a common
garden plant throughout Europe and North America. Many of the newer ornamental
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cultivars have been bred for short height and early flowering, the exact opposite of
what is needed for a biomass cultivar (Fig. 4.2).

Current interest in Miscanthus biomass is focused primarily on sustainable
production of renewable energy (Clifton-Brown et al. 2008). This goal will require
efforts to domesticate Miscanthus. Traits that prevent the crop from spreading
beyond cultivated fields, such as nonshattering, absence of callus hairs, or sterility
will be selected. If seed-propagated cultivars are bred, these will be selected for
relatively large seed, uniform timing of flowering, and high seed yield (Matumura
and Yukimura 1975). Clonally propagated cultivars will be selected for a tufted
habit or at most, a moderately spreading habit, and for ease of vegetative propaga-
tion. Selection for adaptation to target biomass-production environments will be a
major theme. Adaptive traits will likely include tolerance to cold, drought, water-
logged or saline soils, as well as resistance to pests and diseases. Yield and yield
components, such as height, tiller density, culm diameter and flowering time, will
be of central importance. Quality traits such as low ash content, reduction of miner-
als such as CI and K that can be corrosive to combustion equipment, shedding of
mineral-rich leaves prior to harvest, dormancy-associated transport of nutrients
belowground, ratios of lignin, cellulose, and hemicellulose, and low moisture con-
tent at harvest will also be of value. Timing of dormancy and nutrient recycling will
be important for sustainability (Himken et al. 1997). Experience with Miscanthus
and other crops, including other Saccharinae, indicates that manipulation of
flowering time and photoperiod response will have a major impact on domestica-
tion, adaptation, and yield (Clifton-Brown et al. 2008; Harlan 1992).

As a relatively unimproved biomass crop, the introduction of genetic variation
has the potential to produce substantial increases in Miscanthus yield and quality,
and to provide sources of resistance to pests and diseases that may arise in the future
(Clifton-Brown et al. 2001a). Unfortunately there is almost no genetic variation
among the few (three or four) accessions of triploid M. xgiganteus currently avail-
able in Europe and the USA (Greef et al. 1997). However, significant genetic vari-
ability has been found among the parental species, M. sinensis and M. sacchariflorus
(Jorgensen and Muhs 2001).

So what approaches are available to plant scientists to tap the genetic diversity of
Miscanthus germplasm for crop improvement and avoid the vulnerability and con-
strained adaptability of a production system based on a single clonally propagated
genotype? Potential strategies for Miscanthus crop improvement include the fol-
lowing: (1) resynthesis of new triploid M. xgiganteus genotypes by conventional
hybridization, (2) intra- and interspecific hybridization and progeny selection among
diploid accessions of M. sinensis, M. sacchariflorus, and M. floridulus, (3) manipu-
lation of ploidy levels to circumvent reproductive barriers between species and
make new genomic combinations, and (4) genetic modification.
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3.3 M. xgiganteus: Lessons Learned

The great potential value of crosses between M. sinensis and M. sacchariflorus for
breeding high-biomass Miscanthus has long been known. Recent interest in
Miscanthus for bioenergy has led to increased work in this area during the last
decade. Hirayoshi et al. (1960) crossed a diploid M. sinensis var. condensatus as a
female parent with a natural tetraploid M. xgiganteus (Japanese Ogi) male and
obtained one triploid and one tetraploid progeny, concluding that the tetraploid
progeny was the product of an unreduced female gamete. Notably, Hirayoshi et al.
(1960) observed transgressive segregation for biomass traits in both the triploid and
the tetraploid progeny. As might be expected, the triploid progeny was sterile and
looked more like the tetraploid M. xgiganteus (Japanese Ogi) parent but the tetra-
ploid progeny was fertile and looked more like the M. sinensis parent (Hirayoshi
et al. 1960). Adati (1958a) noted that naturally occurring pentaploid M. xgiganteus
(Ogi) were highly vigorous. Matumura et al. (1985, 1986, 1987) conducted a series
of detailed field studies on the growth and development of the triploid and tetra-
ploid progenies of Hirayoshi et al. (1960) and found that the tetraploid progeny
out-yielded its parents and triploid sibling by more than 2:1 on a per area basis. The
higher yield of the tetraploid progeny was partially due to optimal tiller density and
leaf area index. Matumura et al. (1985, 1987) indicated that the triploid and tetra-
ploid progenies could be used as new forage cultivars and, moreover, they sug-
gested a breeding program based on their work to develop further improved forage
cultivars. These reports from Japan, taken together with the success of a triploid
genotype of M. xgiganteus in Europe, suggest that triploid, tetraploid, and penta-
ploid M. xgiganteus will be promising avenues of research to develop improved
biomass cultivars.

Recent research efforts in Europe have also focused on crosses between M. sin-
ensis and M. sacchariflorus. Clifton-Brown et al. (2008) reported that a breeding
program at the Aberystwyth University in the UK and Plant Research International
in the Netherlands was initiated in 2004 and is focusing on improvement of M. sin-
ensis and using their M. sinensis selections to develop improved versions of
M. xgiganteus. A German breeding program led by Martin Deuter at Tinplant
Biotechnik und Pflanzenvermehrung GmbH was established in 1992 and released
two cultivars in 2006 M. xgiganteus ‘Amuri’ and ‘Nagara’ (http://www.tinplant-
gmbh.de/). As suggested by their cultivar names, ‘Amuri’ was derived from a cross
between North Asian M. sacchariflorus and M. sinensis, while ‘Nagara’ was derived
from a Japanese M. xgiganteus (described as M. sacchariflorus) crossed with
M. sinensis (http://www.tinplant-gmbh.de/; http://renewable-energy.illinois.edu/
docs/symposium/PDF/Zhang_Talk.pdf). ‘Amuri’ and ‘Nagara’ are currently being
marketed in Canada (www.newenergyfarms.com). Promising hexaploid
M. xgiganteus individuals have recently been produced at the University of Illinois
by chromosome-doubling a triploid genotype (referred to as ‘UIUC’) that has been
widely studied in the USA (Yu et al. 2009).
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3.4 Resynthesis of New Triploid M. xgiganteus Genotypes

The outcome of future field trials of M. xgiganteus ‘Nagara’ notwithstanding, exist-
ing Miscanthus crop improvement programs in Europe and the USA have yet to
develop germplasm superior to the single genotype currently in production in
Europe. This is due in part to limited availability of parental germplasm in the West,
particularly accessions of tetraploid M. xgiganteus from Japan (Stewart et al. 2009),
difficulties in generating triploid progeny from crosses between a short-day tetraploid
and day-neutral diploid parents (Clifton-Brown, personal communication), and the
inability to generate progeny from the triploid genome of M. xgiganteus. These
limitations can and should be addressed with the development of extensive public
germplasm collections, and by the use of greenhouse and growth room facilities that
control day-length. Naturally occurring triploid M. xgiganteus may also be obtained
from areas in Japan where sympatric populations of M. sinensis and tetraploid
M. xgiganteus exist (Hirayoshi et al. 1957; Nishiwaki et al. 2011. Though the cur-
rent M. xgiganteus genotype of commerce in Europe and the USA is an excellent
cultivar, it is improbable that this chance find is the best that can be produced. By
choosing outstanding tetraploid and diploid parents, superior triploid progeny
should be obtained. Moreover, such crosses may also yield useful tetraploid proge-
nies via unreduced gametes, as the work of Hirayoshi et al. (1960) and Matumura
et al. (1985, 1987) has shown.

3.5 Intra- and Interspecific Hybridization Among Diploids

Crosses among Miscanthus diploids could be used to develop biomass cultivars
directly or as a stepping stone to developing superior triploids by selecting for
improved parents. While triploid M. xgiganteus poses less invasive potential as a
bioenergy crop due to sterility, it is not amenable to conventional breeding. In addi-
tion, establishment of triploid M. xgiganteus production fields requires vegetative
propagation via rhizomes, divisions or tissue culture, which would be expensive
relative to seed propagation if the latter option were available. For rhizome harvest,
cleaning, separation and replanting, it has been estimated that one hectare of mature
M. xgiganteus (3 or more years old) will provide sufficient rhizomes for the plant-
ing of approximately only ten hectares of new production (T. Voigt, personal com-
munication). This is a significant constraint in the development of a bioenergy
cropping system that will need to fulfill large production requirements. In contrast,
seed-based propagation of Miscanthus should be much cheaper, scalable to meet
production needs, and utilize sexual hybridization and selection to generate diverse
and improved germplasm for commercial production.

Since all known accessions of Miscanthus are self-incompatible, individual
plants tend to be highly heterozygous and seed generated from hybridizations can
display substantial segregation. Controlled pollinations with M. sinensis can be
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conducted either by collecting and applying pollen from a male parent(s) followed
by bagging of flowering inflorescences of a female(s) parent to prevent contamina-
tion, or by isolation. Isolating together two genotypes that flower concurrently can
produce seed from known male and female parents. This provides the opportunity
for plant breeders to use mass selection and full or half-sib selection for crop
improvement. One breeding strategy currently in use by forage breeders that could
be applied to Miscanthus crop improvement is the development of synthetic culti-
vars that consist of a seed mixture generated from superior performing parental
genotypes by open pollination. Synthetic hybrids, produced by using just two clon-
ally propagated noninbred self-incompatible parents for seed production has been
proposed by Taliaferro et al. (1999) for switchgrass and could be useful for
Miscanthus too.

A major limitation in Miscanthus breeding is the need to grow out segregating
populations for at least 2 or 3 years to evaluate potential individual genotypes for
use in a synthetic for commercial production. It was observed that for autumn bio-
mass of 15 Miscanthus genotypes (M. sinensis, M. sacchariflorus, and M. xgigan-
teus) measured during the first 3 years after establishment there was a correlation of
0.81 between second and third year yields compared to a correlation of only 0.56
between first and third year yields (Clifton-Brown et al. 2001b). This need for
mature stand evaluation will significantly extend the time needed to develop com-
mercial cultivars. Availability of germplasm for breeding in the USA is also a limit-
ing factor at this time. Though some limited clonal germplasm of M. sinensis is
available for purchase from nurseries, availability of germplasm of the other
Miscanthus species is currently lacking or severely constrained.

Interspecific crosses among diploids may be a useful strategy for capturing het-
erosis and transgressive segregation in a seeded product. Crosses between diploid
M. sinensis and M. sacchariflorus have produced selections with adaptation to
cold northern environments, high yield and early maturity (energy.illinois.edu/
docs/symposium/PDF/Zhang_Talk.pdf). Adati and Shiotani (1962) reported on a
cross between M. sinensis and M. floridulus that yielded hybrid progeny that
showed regular meiotic pairing of 19 bivalents in the first metaphase. This infor-
mation suggests that hybridization between diploid germplasm of each of the spe-
cies could provide access to the extensive genetic diversity found within the genus
Miscanthus.

M. sacchariflorus var. lutarioriparius, given its current commercial use in
China for paper production (Xi 2000), will be of interest for breeding bioenergy
feedstock cultivars for China, the USA and Europe (Xi 2003). However, in con-
trast to typical forms of M. sacchariflorus, such as the cultivar ‘Robustus’, research-
ers in Europe and the USA have had little experience with M. sacchariflorus var.
lutarioriparius. Given its fertility and spreading habit, M. sacchariflorus var.
lutarioriparius should not be used directly as a biomass crop in the southern USA,
where it has the potential to escape cultivations and disturb natural riparian envi-
ronments. Though F, M. sinensis/M. sacchariflorus var. lutarioriparius hybrids are
typically tufted in habit, use of these directly for crop development or further
breeding should proceed with caution. Our current understanding of rhizome
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genetics in the Poaceae (Hu et al. 2003; Paterson et al. 1995) suggests that two or
more backcrosses to the tufted M. sinensis would produce progeny with a very low
probability of having a spreading habit. Nevertheless, sterility would be a desir-
able trait for future cultivars derived from M. sacchariflorus var. lutarioriparius
that are to be grown outside of its native range.

3.6 Manipulation of Ploidy Levels

Chromosome doubling is a viable approach to generate polyploid plants that can
have the advantage of larger cell size and higher vegetative biomass yield (Acquaah
2007). New polyploids commonly exhibit gigantism with sturdier foliage, thicker
stems, and enlarged reproductive structures (Ramsey and Schemske 1998), although
reduced tillering has been observed in tetraploid rye (Muntzing 1951), tetraploid
rice (Tu et al. 2007) and allohexaploid pearl millet x napiergrass hybrids (Gonzalez
and Hanna 1984). Artificial chromosome doubling has been used to create fertile
amphidiploids or hexaploids from sterile hybrids of related plant species (Thomas
1993; Nimura et al. 2006). This approach has been successfully used to mine germ-
plasm of incompatible diploid or polyploid species related to cultivated potato
(Carputo and Barone 2005), pearl millet (Hanna 1990), sorghum (Luo et al. 1992)
and other crops. Chromosome doubling of related diploid species has also been
repeatedly used to overcome incompatibility to generate fertile interspecific tetra-
ploid hybrids (Ramsey and Schemske 1998). Hybridization of induced autotetra-
ploids of indica and japonica subspecies of rice displayed enhanced heterosis and
fertility making them amenable to conventional sexual hybridization for crop
improvement (Tu et al. 2007). Chromosome doubling of a sterile triploid interspecific
rose hybrid generated a hexaploid plant with restored pollen viability. This allo-
hexaploid was also able to undergo self-pollination and set viable seed (Kermani
et al. 2003). These studies suggest that ploidy manipulation via chromosome dou-
bling could access genetic variability for the improvement of Miscanthus as a bio-
fuel/bioenergy crop.

Chromosome doubling commonly involves treatment of tissue-cultured callus or
shoots with antimitotic agents like amiprophos-methyl, colchicine, oryzalin, or
trifluralin, from which polyploid plantlets are then regenerated. Kim et al. (2010)
has developed a successful Miscanthus regeneration system patterned after those
used before with Miscanthus (Holme and Petersen 1996; Holme et al. 1997) and
regenerated hundreds of M. x giganteus plants from callus of immature inflorescence
tissue. Plants of both diploid M. sinensis and M. sacchariflorus have also been
regenerated from callus from hypocotyls of germinating seeds and immature
inflorescence tissue.

Using this regeneration system approximately 35 % of M. xgiganteus calli
treated with the chromosome-doubling agents, colchicine and oryzalin, had nuclear
DNA content twice that observed in untreated triploid controls (Yu et al. 2009).
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Fig. 4.3 Triploid M. x
giganteus ‘“UIUC’ (left), and
an induced hexaploid

M. xgiganteus (right)

Ten M. xgiganteus plants were recovered that when measured for DNA content by
flow cytometry were hexaploids via chromosome doubling. Preliminary phenotypic
comparison of control (triploid) and hexaploid plants suggests that the hexaploids
have slightly broader stems and show slightly greater growth rates, but may display
reduced tillering (Fig. 4.3). Field trials of the hexaploids are currently underway. In
a greenhouse, the hexaploid plants have initiated flowering, generating pollen, a
proportion of which after treatment with fluorescein diacetate and assayed for UV
fluorescence (Ueda 1994) has proven to be viable (W.B. Chae, personal communi-
cation; Fig. 4.4). This same protocol has also been used to regenerate tetraploid
M. sinensis and M. sacchariflorus plant accessions from diploid tissues (W.B. Chae,
personal communication).

The potential to generate viable seed from polyploid hybridizations between and
among accessions of tetraploid M. sinensis and M. sacchariflorus and hexaploid
M. xgiganteus may help to unlock the genetic variation available within Miscanthus
to drive a conventional breeding program for the development of superior feedstock
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Fig. 4.4 Fluorescein diacetate staining of hexaploid M. xgiganteus pollen indicating viability
(left: yellow-green fluorescing pollen grains under ultraviolet light; right: the same pollen grains
viewed without ultraviolet light)

germplasm adapted to a range of environmental conditions. New allopolyploids can
be produced by chromosome-doubling of diploid parents or their interspecific prog-
enies. Newly developed allopolyploids derived from M. sinensis and
M. sacchariflorus could be used to broaden the genetic base of natural M. xgigan-
teus, thereby allowing for further exploitation of heterosis. Crosses between tetra-
ploids and diploids or between hexaploids and tetraploids could generate triploid
and pentaploid seed that could result in sterile plants for biomass production sys-
tems that would reduce concerns of invasiveness.

3.7 Genetic Modification

Though conventional breeding may be able to manipulate a number of traits for
Miscanthus species, there is very little presently known about what trait variation is
available in the germplasm and the breeding systems are just being developed. M.
xgiganteus is sterile, so breeding cannot be readily accomplished with these clones
and little variability is also apparent. Thus being able to insert genes appears to have
some real importance. Most plant transformation utilizes tissue cultures and methods
have been published for culture initiation, maintenance and plant regeneration as
stated above (Holme and Petersen 1996; Kim et al. 2010). Usually the gene of inter-
est and selectable marker gene are inserted into cells by particle bombardment or
Agrobacterium tumefaciens cocultivation. The transformed cells are selected using a
selective agent that kills untransformed cells, but not those expressing the selectable
marker gene, such as antibiotic resistance. Plants are then regenerated. Transformation
of Miscanthus by Agrobacterium tumefaciens, and by particle bombardment has
been reported, with successful transformation obtained for M. sacchariflorus and
M. sinensis (Engler and Chen 2009; Wang et al. 2011; Yi et al. 2001).
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Efforts are currently underway at the University of Georgia and the University of
Illinois is to generate resources that will enable genomics-directed improvement of
Miscanthus germplasm. The genome of M. X giganteus is very large, estimated to be
approximately 7.0 Gbp by flow cytometry (Rayburn et al. 2009). Using new genera-
tion genomic tools 1x skim sequencing of M. xgiganteus DNA revealed that much
of the genome consists of major repeated sequences with only 2.4 % or about
165 Mbp as “genespace” and the recently sequenced Sorghum bicolor is a useful
reference genome (Swaminathan et al. 2010). Deep sequencing of the M. sinensis,
M. sacchariflorus, and M. xgiganteus transcriptome found that contigs matched
approximately 29,000 of the estimated 36,000 Sorghum genes.

This sequence information has been used to generate SNPs (single nucleotide
polymorphisms), SSRs (single sequence repeats) and other PCR-based markers that
have been made available to the public for linkage studies, association mapping, and
marker-assisted breeding. The identification of the most informative SNPs across the
transcriptome of these species can be used to generate an Illumina GoldenGate SNP
array to apply to M. sinensis and M. sinensis/M. sacchariflorus hybrid segregating
populations. This can provide information to create genetic linkage maps for these
species and be used to identify QTL and genes associated with desired phenotypes.

3.8 Energycanes and Miscanes

Past work on Miscanes focused primarily on the introgression of genes for disease-
resistance from Miscanthus to sugarcane. Such backcross programs faced the
difficult task of maintaining the resistance while recovering sugar production and
other agronomic traits into a sugarcane genetic background. Future work to intro-
gress cold tolerance from Miscanthus to low-sugar but high-biomass energy cane
cultivars is expected to be less challenging than the earlier work that needed to
recover genotypes with high sugar and low fiber. Miscanes also have the potential
to become an important biomass crop in warm-temperate and subtropical regions by
combining the best attributes of both parents. Sugarcane parents have genes for high
biomass yield-potential, which is achieved through strong, thick culms, and great
height mediated by late flowering, which is facilitated by a strong requirement for
short and shortening days to initiate flowering (Glyn 2004). Miscanthus has genes
for high yield potential, realized primarily via high culm density, which is comple-
mentary to sugarcane. Most critically, Miscanthus brings genes for adaptation to
temperate environments, especially cold-tolerance. In addition, the dormancy and
dry-down traits of Miscanthus could be especially valuable where the end-use is
combustion. Burner et al. (2009) observed better cold tolerance and biomass yield
in Arkansas for two miscane genotypes, in comparison to progenies of S. sponta-
neum, which is a traditional source of cold tolerance genes for breeding sugarcane.
Extractable energy content ha™' year™, obtained primarily from cellulose and lignin
rather than sugar, is likely to be the most important criteria for future biomass cultivars
of miscanes.



4 The Gene Pool of Miscanthus Species and Its Improvement 95

4 Conclusions

The substantial genetic diversity already observed within Miscanthus represents
opportunities to develop it into an important biomass crop for meeting our renew-
able energy needs. A greater understanding of Miscanthus trait diversity, population
structures, and evolution, especially in the context of other Saccharinae, is needed.
To obtain a full and accurate understanding of Miscanthus evolution, future research
must combine information from different disciplines, including population genet-
ics, cytogenetics, molecular genetics, and genomics. To facilitate basic research and
applied breeding, the research community needs to quickly establish and make pub-
licly available Miscanthus germplasm collections that broadly represent the diversity
of the genus.
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Chapter 5
The Sorghum Genome Sequence:
A Core Resource for Saccharinae Genomics

Andrew H. Paterson

Abstract As a taxon noted for large and complex polyploid genomes, a facile
genomic model is of especially great importance to the Saccharinae. The genome of
Sorghum bicolor (sorghum) offers numerous advantages as such a model, with a
physical size (about 730 mbp) that is only moderately larger than that of rice, and
enjoying the same low level of gene duplication as rice by virtue of a lack of genome
duplication for 70 million years. Saccharinae, especially sugarcane, researchers
have long exploited comparative genomics to leverage the small and well-mapped
sorghum genome in the study and improvement of more complex genomes. The
sequencing of the sorghum genome further enhances such leveraging opportunities,
also providing insights into genes and genomic features that may contribute to dis-
tinguishing features of the Saccharinae. A host of postgenomic tools for sorghum,
many described elsewhere in this volume, provide the foundation for use of sor-
ghum as a Saccharinae functional genomics model. Here, we revisit the sequencing
and initial analysis of the sorghum genome, providing more detail than could be
included in the primary description of the genome and also highlighting planned
efforts to increase knowledge of sequence diversity in the species and the genus.
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1 Rationale for Sorghum as a Saccharinae Botanical
and Genomic Model

The small genome of sorghum has long been an attractive model for advancing
understanding of the structure, function, and evolution of grass genomes. Sorghum
is representative of many grasses of tropical origin in that it has “C4” photosynthe-
sis, using complex biochemical and morphological specializations to improve car-
bon assimilation at high temperatures. By contrast, rice, the first grass genome to be
sequenced, is more representative of temperate grasses, using “C3” photosynthesis.
Sorghum and rice each share the distinction, as does Brachypodium (Initiative 2010)
of a lack of genome duplication since an event in a common ancestor of the three
about 70 mya (Paterson et al. 2004b). The resulting low levels of gene duplication
make these three taxa attractive models for functional genomics. However, sorghum
is much more closely related than rice to several major crops with complex genomes
and high levels of gene duplication. Sorghum and Zea (maize, the leading US crop
with a farm-gate value of $15-20 billion/year, in the Andropogonae but just outside
the Saccharinae) diverged from a common ancestor ~12 mya (Gaut et al. 1997;
Swigonova et al. 2004a) versus ~42 mya for rice and the maize/sorghum lineage
(Paterson et al. 2004b). Saccharum (sugarcane), arguably the most important biofu-
els crop worldwide, valued at ~$30 billion including $1 billion/year in the US*, may
have shared ancestry with sorghum as little as 5-9 mya (Sobral et al. 1994; Jannoo
et al. 2007), retains similar gene order (Ming et al. 1998), and even produces viable
progeny in some intergeneric crosses (Dewet et al. 1976). Zea has undergone one
whole-genome duplication since its divergence from Sorghum (Swigonova et al.
2004b), and Saccharum has undergone at least two (Ming et al. 1998).

Many members of the Saccharinae group of cereals (see Chap. 1 by Kellogg, this
volume) have large and complex genomes that derive great benefit from a closely
related genomic model. This interesting group shows sixfold variation in genome
size among closely related species with the same chromosome number (for exam-
ple, S. bicolor and S. propinquum versus S. nitidum) (Price et al. 2005), an apparent
reduction in chromosome number from the ancestral 2n=20 to 2n= 10 in most para-
sorghums (Spangler et al. 1999), at least two chromosome doublings in Saccharum
since its divergence from the remainder of the group (Ming et al. 1998), and both
natural (Sorghum halepense: (Paterson et al. 1995)) and human-mediated poly-
ploidization (Saccharum cultivars: (Ming et al. 1998)).

Miscanthus, a promising bioenergy crop for temperate latitudes (Heaton et al.
2008), is thought to have diverged from Saccharum more recently than their common
ancestor did from sorghum. Miscanthus species have a basal set of 19 chromosomes
(2n=38, and 38 or 76 for spp. sinensis and sacchariflorus, respectively), versus the
10 that is characteristic of many Saccharinae including Saccharum. One attractive
hypothesis to explain the transition from 10 to 19 chromosomes is that Miscanthus,
like Saccharum (Ming et al. 1998), may have experienced a polyploidization in the
8-9 my since its divergence from sorghum. However, its basal chromosome number
of 19 suggests that unlike those of Saccharum which is largely autopolyploid,
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Miscanthus homologs may have diverged sufficiently that they no longer normally
pair with one another (perhaps including a chromosomal fusion to get from 20 to 19).
Perhaps Miscanthus and Saccharum even shared a genome doubling, diverging later.
However, other options are plausible, such as “breakage” of Miscanthus chromo-
somes, or even some combination of polyploidy followed by chromosome number
reduction as is evident in several Sorghum species and suggested in maize (Tang
et al. 2008). Genetic mapping of Miscanthus by several groups promises to clarify
the relationship of its chromosomes to those of sorghum and Saccharum. Knowledge
of the mechanisms, levels and patterns of evolution of genome size and structure in
this curious group will help to reveal the path by which the sorghum genome has
arrived at its present state, also laying the foundation for further study of sugarcane
and other economically important members of the group.

2 The Sorghum Genome Sequence

2.1 Sequencing and Assembly

Assembly of the sorghum genome (Paterson et al. 2009) was based on integration of
a whole-genome shotgun sequence (Gardner et al. 1981) with a detailed genetic map
(Chittenden et al. 1994; Bowers et al. 2003) and a BAC-based physical map (Bowers
et al. 2005) that was rich in both BAC end sequences and sequence-tagged hybrid-
ization probes (many of which were derived from genetically mapped sequences).

The breeding line BTx623 was sequenced, a largely homozygous advanced
breeding line released by Texas A&M University (Frederiksen and Miller 1972),
which figures prominently in the pedigrees of many elite sorghum genotypes and
has been widely used in sorghum genomics research. Approximately 8.5-fold
redundant paired-end shotgun sequencing was performed using standard Sanger
sequencing methodologies from small (~2-3 kb), and medium (5-8 kb) insert plas-
mid libraries, one fosmid library (~35 kb inserts), and two BAC libraries (average
insert size 90 and 108 kb).

An initial whole genome shotgun (WGS) assembly was built with Arachne2
(Jaffe et al. 2003). The 201 largest WGS scaffolds, spanning 678.9 mbp and repre-
senting 97.3 % of the assembly, were scrutinized for discrepancies with genetic and/
or physical maps as well as with the rice sequence. The genetic map was composed
of 2,512 loci that defined 61.5 % of the recombination events in the underlying
population (Bowers et al. 2003), with sequences available from 2,050 probes that
identified about 90 % of the loci (some probes hybridizing to multiple loci). The
physical map consisted of 1,869 contigs assembled from an 11x coverage BAC library
by BAC fingerprinting, also including paired-end sequences for 96,870 BAC clones.
The BAC contigs averaged 35.6 BACs in length, and in addition to BAC ends also
contained an average of 10.1 hybridization loci, many derived from the genetically
mapped probes (Bowers et al. 2005).
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Iterative inspection of the initial sorghum sequence assembly, genetic and physical
maps, and rice sequence at points of discrepancy led to the inference of a total of 28
putative assembly errors that were each supported by multiple lines of evidence and
often involved repetitive elements. After breaking the WGS assembly at the 28
points of discrepancy with the genetic and physical maps, 127 of the resulting 229
scaffolds containing 625.7 mbp (89.7 %) of DNA could be assigned to chromo-
somal locations and oriented based on physical map, genetic map, rice synteny,
genome structure (gene and repeat distributions), and cytological information (Kim
et al. 2005). Most chromosomal models appeared largely complete: 15 of 20 termi-
nated in telomeric repeats.

Two measures were taken to assess the completeness of the S. bicolor assembly.
A total of 20,417 S. bicolor transcript assemblies from the TIGR PlantTA gene
indices were aligned using BLAT (Kent 2002) to the repeat-masked sequence. Only
911, or 4.4 %, did not map to the genome assembly. Of these, only 51 were shown
to have any similarity to known plant sequences, with the remainder dominated by
hits to fungal genes (related to the genus Fusarium) or other likely contaminants of
available sorghum cDNA libraries, suggesting that the assembly has missed fewer
than 1 % of transcripts. Further, 31 BAC clones were subcloned into ~3 kb insert
plasmid clones and end-sequenced using ABI3730 Sanger methods, and finished to
Bermuda standards by primer walking and gap closure. Comparison of the assem-
bly to these randomly chosen BAC clones showed that 98.46 % of the bases were
represented in the assembly exactly as they appeared in the clones. The nonmatch-
ing bases were due largely to four assembly collapses on repetitive elements that
account for 35,040 (~1 %) of the nonmatching bps in the 3.3 Mb surveyed, and one
finished clone deletion of 4,223 bps.

The availability of both a sequence assembly and a BAC-based physical map
permitted comparison of the relative quality of these two independent data types.
Physical maps are prone to a variety of assembly artifacts, relating to such factors
as uneven coverage of the genome by BAC libraries, specific band sizes that are
abundant in the genome as a result of sequence repetition, and low complexity of
BAC:s in repetitive domains of a genome. A total of 38 (2 %) of 1,869 FPC contigs
from the S. bicolor physical map(Bowers et al. 2005) were considered erroneous,
based on containing >5 BAC-ends that fell into different sequence scaffolds. In
other words, the BAC-based physical map and the initial sequence assembly each
had similar error rates, but the availability of each of these complementary resources
contributed to the high quality of the sequence assembly.

2.2 Sorghum Gene Repertoire

Protein-coding genes were inferred from the consensus of several sources of evi-
dence as well as ab initio predictions. First, TIGR rice transcript assemblies (Childs
et al. 2007) were mapped to the repeat-masked Sorghum genome sequences applying
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GenomeThreader (Gremme et al. 2005) and a maize splice site model. Optimal
spliced alignments (OSAs) of assemblies and ESTs of the following monocot species
were included: Allium cepa, Ananas comosus, Avena sativa, Brachypodium dis-
tachyon, Curcuma longa, Hordeum vulgare, Oryza sativa, Saccharum officinarum,
Secale cereale, Sorghum bicolor, Sorghum halepense, Sorghum propinquum, Triticum
aestivum, Zea mays, and Zingiber officinale. OSAs as well as BlastX alignments
were also generated for a reference set of proteins consisting of the SWISSPROT
database (Bairoch 2005) and proteomes of Arabidopsis thaliana (TAIR6 version;
(Swarbreck et al. 2008)), Saccharomyces cerevisiae (Mewes et al. 2004), and rice
(Tanaka et al. 2008). For each OSA, possible reading frames of size 250 amino acids
were collected as candidates for gene models. In addition, gene models were identified
on repeat masked genomic sequences by ab initio methods (Fgenesh++, GenelD,
GenomeScan). Jigsaw (Allen and Salzberg 2005) was applied as a statistical com-
biner of all supporting information from this first analysis, using a decision tree
trained on a set of 987 gene models that were edited by human supervision in the
Apollo Genome Browser (Searle et al. 2004). All models, including those obtained
from the first analysis series, were scored by Blastp against the UniREF90 protein
database and for each locus the best fitting model, i.e., the model with the highest bit
score, was used as input for the PASA pipeline (Haas et al. 2008) to (1) predict UTRs
using maize, sorghum, and sugarcane ESTs, (2) identify possible alternative splicing
patterns, and (3) fit all predicted models to the splice sites suggested by EST evi-
dences of closely related species. Besides complete gene models, we also included
candidate (partial) genes that lack a start and/or stop codon and may result from
(1) sequencing or assembly errors, (2) transposon activity that may have led to trun-
cated genes or pseudogenes, (3) insufficient evidence from ab initio predictions or
EST matches leading to incomplete gene models.

We adopted a gene nomenclature convention used by the Arabidopsis and rice
communities, with each protein-coding gene locus assigned a unique identifier of
the form “SbXX%YYYYY” where:

e “Sb” indicates Sorghum bicolor.

e “XX”is atwo digit numerical chromosome identifier (01-10) or four digit scaf-
fold identifier (0010-3326).

e The delimiter “%” is either “g” for chromosomally mapped sequences or “s” for
scaffolds.

* YYYYY is aunique five digit numerical code, starting from 00200 at the start of
each assembled sequence, and incrementing by ten. Spans longer than 100 kb
between initially annotated loci are represented by a skip of 200. Thus, in the
initial assignment, the numerical code corresponds to chromosomal position, but
leaving flexibility to add new genes as discovered while preserving the identifiers
of already-discovered genes.

Among 34,496 sorghum gene models inferred by this pipeline (Paterson et al.
2009), ~27,640 were supported by both homology-based and ab initio gene predic-
tion methods with extensive public expressed sequences from sorghum, maize, and
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sugarcane, and were deemed “bona fide protein-coding genes.” Evidence for
alternate splicing is found in 1,491 loci. In addition to these high confidence pro-
tein-coding genes, another 5,197 predicted gene models were generally shorter than
the bona fide genes (often <150 amino acids); had few exons (often one) and no
EST support; were more extensively diverged from related rice genes; and were
often found in large families enriched for “hypothetical,” “uncharacterized,” and/or
retroelement-associated domains and annotations. Relatively high concentration of
these low confidence gene models in the pericentromeric regions where bona fide
genes are scarce suggests that many are retroelement-derived. A total of 727 pro-
cessed pseudogenes (intronless copies of intron-containing genes elsewhere in the
genome) and 932 predictions containing domains only known from transposable
elements were identified.

A total of 29,734 protein functional domains (nonredundant, i.e., counting a
PFAM domain only once per gene) were detected in 21,743 sorghum genes. The
number and sizes of sorghum gene families were similar to those for Arabidopsis,
rice, and poplar. Several domains that are overrepresented, underrepresented, or
even absent in sorghum relative to rice, poplar, and Arabidopsis, may represent
molecular fingerprints of biological peculiarities specific to the Sorghum lineage
(see Paterson Chap. 23, this volume).

A total of 19,929 sorghum genes had syntenic orthologs in the available rice
annotations, the manually curated and expressed-sequence focused “RAP2” anno-
tation from the Rice Annotation Project (Tanaka et al. 2008) and the automated
“TIGRS” annotation from TIGR (including co-orthologs arising from local tandem
duplications in the sorghum and/or rice genomes). An additional 3,919 sorghum
genes have a mutual best (or near-best) BLAST match to a rice gene that is not in a
corresponding syntenic location but are similar to syntenic orthologs in their
lengths, synonymous substitution rates, and introns, and are presumed to be orthol-
ogous genes whose chromosomal positions have changed in one or both grass
lineages.

Most paralogs in the sorghum genome are members of tandem arrays, with 5,303
genes in 1,947 families of two or more proximally duplicated genes. Tandem expan-
sions were defined as all sets of peptides with a pairwise Blastp alignment of e-value
better than 1e—25 and two or less intervening genes. The longest tandem gene array
is composed of 15 cytochrome P450 genes (first gene Sb032028560.1), with some
other long arrays including GRAS family transcription factors (14: Sb05g027740.1),
Chalcone and stilbene synthases (14: Sb05g019890.1), an auxin-responsive protein
(14: Sb02g031700.1), homologs of an Arabidopsis protein of unknown function
(13: Sb07g024600.1), a BTB/POZ containing family (13: Sb07g026660.1), a
leucine-rich repeat containing family (12: Sb04g003800.1), and glutathione
S-transferase (12: Sb01g030930.1). Some gene families tandemly amplified in sor-
ghum contain motifs associated with transposable elements (Zinc knuckle, haT
family dimerization domain, reverse transcriptase, transposase family Tnp2, trans-
posase DDE domain, and putative gypsy type transposons), and may have escaped
repeat masking or evolved from transposable elements by neofunctionalization, the
latter consistent with their presence in the manually annotated rice genome.
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2.3 Nature, Quantity, and Organization of Sorghum
Repetitive DNA

Recent renaturation kinetics studies show that the sorghum genome is largely comprised
of repetitive DNA (Peterson et al. 2002b). Known repeats were identified with
RepeatMasker (www.repeatmasker.org) with a database of previously known
repeats from sorghum and other grasses (mips-REdat_6.2_Poaceae.lib).

LTR retrotransposons comprised 55 % of the sorghum genome, and about 98 %
of the total repetitive DNA in the genome. De novo searches for performed with
LTR_STRUCT (pmid 12584121) on the ten sorghum chromosomes and all unas-
sembled contigs >10 kb yielded 10,126 full-length LTR retrotransposon candidate
sequences. A total of 8,071 (80 %) of the candidate sequences were nonoverlap-
ping, contained at least one typical retrotransposon protein domain GAG, PR, INT,
RT and had a simple sequence and tandem repeat content <=35 %. According to
their protein signatures 2,985 (37 %) could be assigned to the gypsy (PR-RT-INT)
and 724 (9 %) to the copia (PR-INT-RT) LTR superfamily, the remaining 4,362
(54 %) remaining initially unclassified. A nonredundant set of 7,643 quality checked
LTR retrotransposons was added to mipsREdat (mips.gsf.de/proj/plant/webapp/
recat/), a plant repeat element database, used for the homology based repeat mask-
ing and annotation. The single most abundant element family alone, Retrosor-6
(Peterson et al. 2002a), comprises ~6.9 % of the genome.

LTR retroelements of different ages showed striking differences in genomic dis-
tribution (Paterson et al. 2009). The insertion age of full length LTR-retrotransposons
was determined from the evolutionary distance between 5’ and 3" soloLTR derived
from a ClustalW alignment of the two solo LTRs by the Kimura two-parameter
method (emboss distmat, http://emboss.sourceforge.net/), using a substitution rate
of 1.3e—8 mutations per site per year. Relatively young (i.e., less than 0.1 mya) LTR
insertions are approximately uniformly distributed across the genome, while older
insertions are heavily concentrated in heterochromatic regions immediately sur-
rounding the centromeres. This closely parallels a proposal based on comparison of
the sorghum physical map to the rice sequence, that selection against gene and
genome structural mutation is much stronger in the gene-rich euchromatin than in
the repeat-rich heterochromatin (Bowers et al. 2005).

DNA transposons constitute about 7.5 % of the sorghum genome. CACTA-like
elements, the predominant class of DNA transposon in sorghum (4.7 % of the
genome), also appear to be the predominant mechanism for translocation of sor-
ghum genes and gene fragments. Most CACTA elements have arrays of direct and
inverted repeat units (about 20-40 bp per unit) in their terminal regions, and could
be identified by this feature and the characteristic palindromic CACTA/G ... C/
TAGTG termini flanked by a 3 bp target site duplication. Among 95 novel CACTA
families discovered in the sorghum sequence, most individual elements were nonau-
tonomous deletion derivatives of 5—7 kb in which the typical transposon genes have
been replaced with nontransposon DNA including exons from one or more genes.
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For example, CACTA family G//8 has only one complete and presumably autonomous
“mother” element, with 8 of 18 deletion derivatives carrying gene fragments inter-
nally. Among the 13,775 CACTA elements identified, 200 encode no transposon
proteins but contain at least one fragment of a cellular gene. Thus, the sorghum lin-
eage shares the gene-transducing property that has been observed in other cereal
genomes, although “utilizing” a different transposon family than the Mutator-like
“Pack-MULE” elements that are the predominant gene-transducing element(Jiang
et al. 2004) in rice, and intact helitrons that are implicated in maize gene
movement(Brunner et al. 2005).

Miniature inverted-repeat transposable elements (MITEs) account for most of
the non-CACTA DNA transposons, comprising 1.7 % of the sorghum genome. Full-
length MITEs were identified based on their inverted repeat structure and their 2
and 3 bp target site duplications for Stowaway and Tourist MITEs, respectively. The
initial set identified in this way was used for multiple sequence alignments in order
to identify families and to construct consensus sequences for all of them. The con-
sensus sequences were used for a BLAST survey to identify all elements, including
fragments.

Tandemly repeated DNA was closely associated with reduced power to assemble
both genomic sequence and physical BAC contigs. After breaking the WGS assem-
bly at the 28 points of discrepancy with the genetic and physical maps (see above),
127 of the resulting 229 scaffolds containing 625.7 mbp (89.7 %) of DNA could be
assigned to chromosomal locations and oriented based on physical map, genetic
map, rice synteny, genome structure (gene and repeat distributions), and cytological
information (Kim et al. 2005). These 127 scaffolds merged 1,476 FPC contigs. The
remaining 102 scaffolds were generally smaller (53.2 mbp, 7.6 % of nucleotides),
with only 374 predicted genes and 85 (83 %) containing large stretches comprised
predominantly of the CEN38 (Miller et al. 1998) centromeric repeat. These 102
scaffolds merged only 193 physical BAC contigs, due to the greater abundance of
repeats that are recalcitrant to clone-based physical mapping (Bowers et al. 2005)
and may be omitted in BAC-by-BAC approaches (Venter et al. 1998). In a like man-
ner, it was previously shown (Bowers et al. 2005) that singleton sorghum BACs that
could not be joined to FPC assemblies were gene-poor (3.9 % of one-locus and 4 %
of ten-locus probe anchors), but rich in centromeric repeats (19-23 % of all centro-
meric anchored BACs), with substantially fewer fingerprint bands than contigged
BAGC:s, also consistent with being largely composed of tandem repeats with multiple
copies of the same band size.

2.4 Organellar DNA

The use of an efficient nuclear DNA isolation method in preparation of DNA for
sequencing left insufficient organelle “contamination” in the shotgun data to recre-
ate both organelles from the WGS set. However, comparison of the assembled
nuclear genome of Sorghum to the Sorghum plastid genome (EF115542) and the
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sorghum mitochondrial genome (DQ984518) respectively, revealed numerous
insertions of DNA from mitochondria (2,125 insertions comprising 305,381 bp, or
0.046 % of the genome) and chloroplast (1,402 insertions, 255,600 bp: 0.039 %), in
the nuclear genome sequence. While numerous, these insertions accounted for a
much smaller portion of the genome than organellar insertions in rice (0.29 and
0.24 %, respectively), with the difference much larger than could be attributed to
LTR retroelement expansion in sorghum. Most insertions (96 and 95 %) are <500 bp,
with only 1.5 % being >2 kb. Longer insertions show more sequence conservation
with organellar DNA, suggesting that they are generally more recent—this implies
that longer insertions are more prone to removal than short insertions.

3 Sorghum Genome Organization, Transmission,
and Evolution

Remarkably, about 62 % of the sorghum genome is almost recombinationally inert.
A genetic map based on a cross of BTx623 (the sequenced genotype) and its wild
relative S. propinquum (also physically mapped; (Bowers et al. 2005)) including
2,512 loci that defined 61.5 % of the recombination events in the underlying popula-
tion (Bowers et al. 2003), could be aligned with the genome sequence based on
sequences for 2,050 probes that identified about 90 % of the loci (some probes
hybridizing to multiple loci). The genome could be clearly partitioned into a recom-
bination-rich fraction estimated to comprise 252 mbp of DNA and accounting for
1,025.2 cM (97 %) of the length of the genetic map; and a recombination-poor frac-
tion comprising about 460 mbp of DNA and accounting for 34 cM (3 %) of the
length of the genetic map.

Cytologically identified heterochromatin (Chen et al. 2002; Jiao et al. 2005) cor-
responds very closely to the recombinationally inert region(s) of the sorghum
genome. The locations of heterochromatin in the sorghum physical map (Bowers
et al. 2005) and sequence (Paterson et al. 2009) were estimated based on relative
distance from the centromere, assigning approximate base pair locations without
accounting for sequence gaps. The euchromatin—heterochromatin distinction is
associated closely with not only differences in recombination rate, but also with
differential abundance of low copy-number genes and gene-associated DNA trans-
posons (frequent in euchromatin), and high-copy number genes and relatively “old”
LTR retroelements (frequent in heterochromatin).

3.1 Intragenomic Duplication in Sorghum

Analysis of the sorghum genome sequence corroborated early suggestions based on
genetic mapping that sorghum may be a paleopolyploid. RFLP mapping revealed
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several instances in which groups of probes that segregated for multiple informative
polymorphisms showed parallel organization in two different regions of the genome
(Chittenden et al. 1994). Comprehensive comparison of the sorghum genes to one
another (Paterson et al. 2009), revealed that such patterns of parallel organization
could collectively account for the vast majority of the genome, in much the same
manner as had been previously shown for the first sequenced grass genome, rice
(Goff et al. 2002). Indeed, patterns of sequence correspondence in rice and sorghum
were very similar. This was no surprise—sequence diversity between duplicated
rice genes was known to be generally greater than between rice-sorghum orthologs,
suggesting that the most recent genome duplication in each of these grasses had
occurred in a common ancestor prior to the divergence of their respective lineages
(Paterson et al. 2004b).

The genomic distribution of regions in which paleoduplication could/could not
be discerned added further weight to the notion that the sorghum genome is com-
prised of two highly divergent “components” with remarkably different properties
and evolutionary histories. Discernible paleoduplication was almost completely
confined to the recombination-rich and gene-rich “euchromatin,” being undetect-
able in the heterochromatin. This is consistent with the hypothesis (Bowers et al.
2005) that genomic rearrangements are usually deleterious, thus more likely to per-
sist in nonrecombinogenic regions by virtue of “Muller’s ratchet” (Muller 1964).
Moreover, selection may actually favor the rapid restructuring of heterochromatic
regions that contain centromeres (Bowers et al. 2005). A high concentration of rice
genes duplicated by ancient polyploidy fall near K 0.85 (Paterson et al. 2004a). Rice
gene pairs with K 0.2-0.6 tend to be concentrated in peri/centromeric regions, sug-
gesting that a substantial restructuring of centromeric regions began shortly after
polyploidization and lasted until about 16 mya. The corresponding region of sor-
ghum also shows massive recombination suppression—since restructuring of the
rice heterochromatin appears to have continued long after the rice-sorghum diver-
gence (K 0.51: 1), one would predict that parallel restructuring may have occurred
in sorghum.

Restructuring of centromeric regions after ancient polyploidization may perhaps
have been under selection (Bowers et al. 2005), rather than merely being a passive
consequence of Muller’s ratchet (Muller 1932). In a newly formed autopolyploid
[arguably the most frequent type (Harlan and Dewet 1975)] with sets of four homol-
ogous chromosomes, divergence of centromeric DNA may accelerate the transition
to diploid inheritance, allowing more rapid allele frequency changes and reduced
genetic load.

4 Sorghum Sequence Diversity

With a high-quality draft sequence of the first sorghum genome published, members
of the sorghum community have turned their attention to a number of postgenomic
activities, many of which are described in other chapters of this volume. Among
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these activities is to learn about the levels and patterns of DNA-level variation in the
S. bicolor species and its relatives, providing an essential framework toward the
long-term goal of identifying and interpreting the complete repertoire of functional
DNA-level variation in sorghum. Population-based methods for mapping complex
traits, originally developed in the human genetics community, are now being applied
to crop plants, and have been successful in analysis of previously identified candi-
date genes (Thornsberry et al. 2001; Whitt et al. 2002; Yu et al. 2005). Sorghum is
well suited to genome-wide association mapping methods for identification of quan-
titative trait loci (QTL), with hundreds of QTL mapped (see many other chapters of
this volume), several diversity panels available, and nested association mapping
populations under development as detailed in Chap. 9 by Yu et al. (this volume).

With the completion of the sorghum genome sequence, the major limitation in
undertaking this work is the lack of sufficient markers to provide dense genome-
wide coverage. Rapid advances in SNP technology will soon permit a transition
from indirect study of diagnostic markers to comprehensive SNP-based assessment
of the entire transcriptome for functional variation. This will have numerous impacts,
for example in applied sciences providing for a transition from indirect study of
diagnostic markers to comprehensive SNP-based assessment of the entire transcrip-
tome for functional variation. This framework of functional diversity information
will also permit us to investigate fundamental questions of seminal importance to
plant domestication and biomass productivity

Several resequencing studies of specific genotypes are now known to be under-
way at a number of institutions, toward specific applied goals. In addition, an inter-
national group has been successful in securing a portion of the sequencing capacity
of the US Department of Energy Joint Genome Institute for resequencing of a care-
fully selected group of 38 genotypes that broadly sample the spectrum of genetic
variation in sorghum and its immediate relatives. Specifically, whole-genome
Illumina resequencing is planned for:

(1) S. versicolor and S. propinquum, divergent wild relatives that represent phylo-
genetic outgroups for cultivated sorghum. The latter was also the parent of the
interspecific reference genetic map (Bowers et al. 2003), and has been physi-
cally mapped (Chittenden et al. 1994; Bowers et al. 2005).

(2) S. bicolor genotype 1S3620C, that is highly divergent from the genotype used
for sequencing (BTx623), which was the alternative parent of the intraspecific
reference map (Xu et al. 1994) and has also been used in BAC library construc-
tion and physical mapping (Klein et al. 2000).

(3) S. bicolor genotype “Rio,” representing “sweet sorghums” that are one promis-
ing avenue for biofuel production from sorghum.

Further, resequencing of cDNA pooled from multiple diverse tissues will be con-
ducted for 34 additional genotypes that broadly sample the recognized botanical
races of sorghum as well as wild germplasm. These genotypes collectively address
a wide range of applied needs, for example, including a source of aluminum toler-
ance, key breeding lines from several countries, and a number of parents of crosses
planned in a pan-African “Challenge Initiative” being coordinated by the CGIAR
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Generation Challenge Program. In addition, broad sampling of wild sorghums will
permit us to investigate changes associated with domestication and improvement at
levels ranging from specific nucleotides to gene families and pathways. As of this
writing, these genotypes are at various stages in the sequencing process, with the
collective data expected to be completed sometime in 2011.
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Abstract Transcriptomics data for the Saccharinae clade are presently derived
from EST projects for Saccharum, Sorghum and Miscanthus, with little known
about other members of this clade. Among sugarcane EST data sets, by far the larg-
est and most detailed is from the Brazilian SUCEST project. Rich EST resources
are also available for Sorghum, although Miscanthus EST resources remain limited.
The complete sequencing of the Sorghum genome led to a great improvement in
this field, but the complexity of the sugarcane genome and lack of a genome
sequence remain a hindrance. Comparative analysis of sorghum and sugarcane
reveals a high general colinearity and gene structure conservation. Several plat-
forms provide data on different traits and/or treatments such as brix accumulation,
biotic and abiotic stress (cold and drought, for example) and tissue specificity of
gene expression, shedding early light on how the control/response to these pro-
cesses occurs at the gene expression level.
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1 Introduction

An individual’s genome is its fixed blueprint, and this blueprint is slightly variable
in DNA sequence across a population. The conversion of DNA-encoded informa-
tion contained within nuclear and nonnuclear DNA, however, is not static.
Throughout the genome, chromatin is dynamically relaxed allowing for the tran-
scription to generate ribonucleic acid (RNA) molecules with several functions. For
example, mRNA is incorporated into RNA (rRNA, tRNA)-protein complexes and
translated into peptide sequences. RNA can even have a direct effect on the tran-
scriptional silencing of genes (e.g., siRNA, miRNA). All expressed RNA molecules
and their molecular counts are a cell’s transcriptome. A genome position from
which functional RNA (protein encoding or nonprotein encoding) is transcribed is
one definition of a gene (Brosius 2009), which is not as easily defined as it has been
in the past given the results of studies including the human ENCODE project (Birney
et al. 2007; Rosenbloom et al. 2010). In this chapter we review gene activity from
three Saccharinae taxa: sugarcane, sorghum, and Miscanthus.

Due to the limitations of current sequencing technology, it is often difficult to
obtain a full length RNA transcript sequence from a purified RNA sample. Thus a
partially sequenced RNA molecule is often what one finds when analyzing an
expressed sequence tag (EST). In order to generate a set of ESTs, RNA is purified
from a tissue of interest and converted to cDNA through reverse transcription and
second strand synthesis. In classical Sanger based sequencing (Sanger et al. 1977),
cDNA is cloned into a high-copy E. coli plasmid, amplified, and sequenced. More
recent techniques (e.g., next-generation sequencing) include novel methods of
cDNA amplification and sequencing and are highly parallel, allowing for the gen-
eration of many more but smaller ESTs than classical approaches with tag counts
reaching into the millions (Mardis 2008). Sanger-based EST sequences can be
trimmed for low-quality sequence, masked for E. coli and vector contamination,
and assembled into nonredundant contigs (unigenes) using tools such as Phrap/
cross_match (Ewing and Green 1998; Ewing et al. 1998), CAP3 (Huang and Madan
1999), and EGassembler (Masoudi-Nejad et al. 2006). Sequence assembly and
analysis tools for next-generation sequence datasets are under intense development
(see Miller et al. 2010 for review). EST datasets can be found in public repositories
such as the NCBI EST and Short Read Archive (SRA) databases (http://www.ncbi.
nlm.nih.gov/) as well as public repositories such as SUCEST (http://sucest-fun.org)
and CSGR (http://csgr.agtec.uga.edu/). Below we discuss the known EST transcrip-
tomes and summed gene space from sorghum and sugarcane studies.

The collection of unique EST assemblies from a given tissue is a snapshot of the
tissue’s transcriptome. The intersection of all transcriptomes is a measure of an
organism’s known gene space. Within the Saccharinae clade, the Sorghum bicolor
(cv. BTx623) genome has been sequenced (Paterson et al. 2009) so the sorghum
gene space has also been extended with gene predictions. Once gene space has been
determined, it can be used as a baseline for comparing relative quantities of RNA
between samples (transcriptional profiling). The direct counting of sequenced ESTs
from an RNA sample mapped to the set of nonredundant genes is a form of transcriptional
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profiling known as RNA-seq. Another form of transcriptional profiling uses the
ordered attachment of DNA molecular probes to a glass surface (microarrays). By
measuring relative hybridization intensities between complex mixtures of RNA
molecules to specific probes of known sequence, it is possible to dissect differences
in the transcriptome between samples. A discussion of sugarcane microarray stud-
ies will follow below.

2 Overview of EST Projects

2.1 Sorghum Gene Space and ESTs

A significant body of work was conducted on the sorghum transcriptome prior to its
genome being sequenced in 2009. In April 2010, there were 209,828 Sorghum
bicolor, 1,965 Sorghum halepense (Johnson grass), and 20,881 Sorghum propin-
quum sequences in the NCBI EST database. Approximately half (117,682) of the
described ESTs were generated by a single group from multiple RNA sources
including seedling tissue (light/dark grown), and plants subjected to drought stress,
ovaries, embryos, and immature panicles (Pratt et al. 2005). Nine S. bicolor tissue
specific EST libraries (OV1, WS1, DG, PIC1, OV2, P11, IP1, EM1, LG1), two S.
propinguum libraries (FM1, RHIZ2), and one S. halepense library (RHIZ1) can be
mined with estMiner at Comparative Saccharinae Genomics Resource (CSGR;
http://csgr.agtec.uga.edu/estMiner/estMiner.jsp). The published version of the sor-
ghum genome (Paterson et al. 2009) provides evidence for 34,496 gene models
using many of these EST sequences, and homology-based as well as ab initio gene
predictions. In addition, 149 known or predicted miRNA sites have been mapped to
the sorghum genome (Paterson et al. 2009). The sorghum gene space is sufficiently
mature for the development of additional microarray resources or the mapping of
RNA-seq data.

Until other genome assemblies become available, the sorghum genome provides
a temporary comparative baseline for members of Saccharinae clade. For example,
while it is not possible to identify sorghum-specific transcripts in the sugarcane
genome, it is possible to putatively identify sugarcane-specific transcripts by the
simple fact that they do not map to the sorghum genome. Of course, there will be
errors in this type of comparative analysis when genes rapidly diverge or are present
in assembly gaps.

2.2 Sugarcane EST Datasets

The first study published on the sugarcane transcriptome was carried out by a group
from South Africa (Carson and Botha 2000). The authors prepared a small collec-
tion of ESTs from leaf roll and stem from the cultivar Nco376. Although it was a
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small library, it was sufficient to infer diverse physiological functions and attract an
interest to EST sequencing projects. A Brazilian consortium developed the largest
data set of sugarcane ESTs, named Sugarcane Expression Sequence Tag (SUCEST)
(Vettore et al. 2001). A total of 259,325 clones were generated and sequenced from
their 5’ end and 32,364 also had their 3’ end region sequenced, in sum yielding
237,954 ESTs of good quality. These ESTs were assembled into 43,141 EST clus-
ters. This collection was produced from 26 libraries from the cultivars SP70-1143,
SP80-3280, SP80-87432, PB5211 x P57150-4, CB47-89, RB855205, RB845298,
and RB805028, sampling from several different tissues, such as apical meristem,
lateral bud, internodes from immature plants, seeds, flowers, leaves, roots, and roots
infected with endophytic nitrogen fixing bacteria. An analysis of the 43,141 clus-
ters, named Sugarcane Assembled Sequence (SAS), indicates that the SUCEST
project may have identified 33,620 expressed sugarcane genes. Since the sugarcane
genome is estimated to contain 35,000 genes, SUCEST data may represent >90 %
of sugarcane expressed genes (Vettore et al. 2003). These SAS were compared with
sequences present in public databases and categorized with respect to functionally
annotated genes in other organisms (Vettore et al. 2003). The sequences were
grouped into eighteen broad categories of biological roles. Almost 50 % of total
SAS were classified in five major categories: cellular dynamics, stress response,
protein metabolism, bioenergetics, and signal transduction. However, approxi-
mately 25 % of total SAS were classified as putative proteins or unable to classify.
These SAS may represent new genes, in which they could represent sugarcane- and/
or grass-specific genes but also noncoding regulatory RNAs. SUCEST was the
starting point to the SUCAST project (Sugarcane Signal Transduction), which
focused in the identification of signal transduction related genes. The SUCAST
catalogue contains around 3,500 SAS organized in 29 categories and 409 subcate-
gories (Papini-Terzi et al. 2005). The SAS present in this catalogue can be divided
in functional categories, such as: development, cell cycle, stress and pathogenicity.

Another important sugarcane EST data set was generated by Australian research-
ers (Casu et al. 2004; Casu et al. 2003). They initially prepared cDNA libraries from
sucrose accumulating maturing stem and immature stem of sugarcane cultivar
Q117. A total of 7,242 ESTs were generated from the former library and a smaller
sample, 1,082 ESTs, was obtained from the latter. A BLAST search of the total EST's
obtained retrieved 3,845 ESTs with no significant match to known sequence or
matches with unknown function sequences. Besides, only about 2 % of the ESTs
were carbohydrate metabolism related sequences, indicating that these transcripts
are not abundant even in sucrose accumulating stem internodes. Within these carbo-
hydrate metabolism related sequences, sugar transport proteins were highly abun-
dant in the maturing stem. The same research group obtained a set of 747 ESTs
from roots (cultivar Q117) treated with the defense-regulator methyl jasmonate
(M1J) (Bower et al. 2005). A highly significant portion of these ESTs could not be
classified in a functional category. Primary metabolism and protein metabolism
were the two functional categories most represented in this EST collection, and only
a small portion has putative function related to plant defense and stress. In combination
with microarray and northern blot experiments these authors were able to identify
ESTs induced by MJ treatment.
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A group in the United States carried out an EST sequence project from apices,
leaves and seventh internode from cultivar CP72-2086 (Ma et al. 2004). A total of
9,216 clones were sequenced resulting in 3,401 nonredundant ESTs. The ESTs were
classified into 12 categories: cellular structure, signal transduction, DNA metabo-
lism, RNA expression, protein expression, stress/defense, metabolism, growth,
transport, others, unknown, and no hit. The most abundant category was “unknown,”
followed by protein expression. A portion of the collection could not be classified
and may represent new sequences.

A recent EST project from an Indian group was carried out aiming to identify
ESTs expressed in response to water deficit in leaves from the cultivar CoS 767 and
red-rot infection from stem in the cultivar Co 1148 (Gupta et al. 2010). The group
also prepared a general cDNA library from root, stem, leaf whorl, and mature leaf
from field-grown plants of cultivar CoS 767. From the CoS 767 library, 25,382
good quality sequences were obtained. After assembly with other ESTs collections,
4,002 new ESTs were reported. The sequencing, analysis and assembling of 1,440
ESTs from the red-rot library retrieved 102 clusters, in which 85 is thought to be
preferentially expressed in red-rot infection.

The current Sugarcane Gene Index (3.0, April 2010 http://compbio.dfci.harvard.
edu/cgi-bin/tgi/gimain.pl?gudb=s_officinarum) has clustered 282,683 ESTs and
499 expressed transcripts (fully sequenced cDNAs), resulting in 42,377 theoretical
contigs, 78,924 singleton ESTs, and 41 singleton expressed transcripts.

2.3 Other Saccharinae Transcriptome Datasets

While much is known about sorghum and sugarcane gene space, very little work has
been applied to other members of the Saccharinae clade. In April 2010, the only
significant additional dataset were three Illumina sequencing runs of small RNA
libraries from Miscanthus x giganteus rhizomes (SRX016338; five million reads;
169.5 Mbp), flowers (SRX016337; four million reads; 133.1 Mbp), and leaves
(SRX016336; four million reads; 137 Mbp). This study may point to a major role
that new sequencing technologies will play in orphan genomes such as Miscanthus
X giganteus.

3 Comparative EST Analysis of Sorghum and Sugarcane

Comparative genome and transcriptome data analysis has been critical for a better
understanding of genome structure, evolution and gene function. The Sorghum
bicolor genome has a smaller physical size than those of many grasses and it is
diploid, with lower redundancy than polyploid genomes including sugarcane and
Miscanthus (Swaminathan et al. 2010). The Miscanthusx giganteus genome has
been surveyed (84 Mbp in 366,448 454 FLX reads), but sorghum provides one of
the best functional genomics models for the Saccharinae and other C4 grasses
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Table 6.1 Genome, genes and EST sequences repositories used in this study

ESTs

Saccharinae http://sucest-fun.org
http://www.ncbi.nlm.nih.gov/nucest

Genomes and genes

Sorghum bicolor http://genome.jgi-psf.org/Sorbil/Sorbil.home.html
Oryza sativa http://rapdb.dna.affrc.go.jp/

Zea mays http://ftp.maizesequence.org/

Brachypodium distachyon http://www.brachypodium.org/

Miscanthus spp. http://genomebiology.com/2010/11/2/R12

Table 6.2 Expressed sequence tags corresponding to Saccharum and Sorghum taxa in GenBank
as of April 7, 2010

# sequences Average size
Saccharum ESTs in GenBank 283,157 612
Saccharum ESTs in GenBank from SUCEST Project 238,208 641
Saccharum ESTs in GenBank from others 44,954 456
Sorghum ESTs in GenBank 209,828 551

(Swaminathan et al. 2010). In a comparison of large genomic fragments cloned in
Bacterial Artificial Chromosomes (BACs) of the grasses maize, rice, sorghum and
sugarcane (Jannoo et al. 2007) Sorghum and sugarcane sequence alignments
revealed a high general colinearity and structure conservation, although some genes
were found only in sorghum and a few rearrangements were identified. Sorghum
and sugarcane presented considerable homology in the noncoding regions and sug-
arcane contains larger transposable elements (Jannoo et al. 2007).

GenBank, DDBJ, and EMBL are the main repositories for genome, transcrip-
tome, and proteome sequences and are synchronized periodically. For interspecies
comparisons, genomes or EST sequences were downloaded from the Web sites
listed in Table 6.1, including the sorghum coding sequences (CDS).

To obtain the number of specific ESTs for Saccharum species for comparison
with other species, the complete set of Saccharum EST sequences (283,157 ESTs)
deposited in GenBank was compared against the available Sorghum EST sequences
(209,828 ESTs) (Table 6.2).

Saccharum and Sorghum ESTs were compared to Zea mays, Oryza sativa,
Miscanthus, and Brachypodium distachyon ESTs. The analysis was performed
using MEGABLAST at a stringency of 1e-25 and WordSize equal to 25. Table 6.3
summarizes the number of hits and no hits for each Genome or CDS set, including
the percentage of coverage and identity average. The Table also indicates the total
number of common and specific ESTs from Saccharum in relation to the other
grasses. A total of 205,061 Saccharum ESTs found a match in the sorghum genome,
and 200,207 Saccharum ESTs found a match in the sorghum CDS. From 78,000 to
83,000 Saccharum ESTs found “no match” against the sorghum sequences at this
stringency and Wordsize. A search of these so-called “no match” sequences against
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Table 6.3 Saccharum ESTs were compared with available ESTs from other grasses (Sorghum,
maize, Oryza sativa, Brachypodium and Miscanthus) and Sorghum CDS to define ESTs specific to
Saccharum species

Average Average

Match—Saccharum ESTs Hits No hits  coverage %  identity %

(1) Blastn Saccharum ESTs vs. Sorghum 205,061 78,096 72 92
Genome

(2) Blastn Saccharum ESTs vs. Sorghum 200,207 82,950 80 94
CDS

“No match”—Saccharum ESTs in Sorghum Genome

(3) Blastn Saccharum ESTsNoMatch vs. 7,761 70,335 42 93
Maize Genome

(4) Blastn Saccharum ESTsNoMatch vs. 831 77,265 31 93
Oryza sativa jp. Genome

(5) Blastn Saccharum ESTsNoMatch vs. 9,184 68,912 30 90
Brachypodium Genome

(6) Blastn Saccharum ESTsNoMatch vs. 13,690 64,406 30 93

Miscanthus Genome (1 %)
(7) Total Saccharum ESTs Match against 225,967

the genomes (79.8 %)
(8) Total Saccharum EST No Match 57,190
against the genomes above (21.2 %)

Table 6.4 Alignment of SAS (Sugarcane Assembled Sequences) to Sorghum chromosomes and
supercontigs

Description Total SAS  Unique SAS Avg. coverage of SAS (bp)
SAS aligned to sorghum genome 30,619 25,132 802
SAS not aligned to sorghum genome. 18,009

The alignments were performed using Sim4 at default parameters. The alignments with a coverage
of SAS less than 80 % where filtered out. The column “Unique SAS” summarizes the number of
distinct SAS mapped to the sorghum genome

the maize, Oryza, Brachypodium, and Miscanthus genomes still yielded 57,190
Saccharum “no-match” or Saccharum specific sequences. Miscanthus was the
genome that had largest number of matches to otherwise Saccharum specific ESTs,
consistent with the more recent common ancestry of Saccharum—Miscanthus than
the remaining species.

The SUCEST SAS database and the JGI Sorghum genome data were used to
obtain the number of Saccharum transcripts that mapped to the sorghum genome
(Table 6.4). The SAS dataset is clusters of ESTs assembled by the SUCEST project
(Vettore et al. 2001) and contains 43,141 clusters. The Sorghum bicolor genome
comprises ten chromosomes and 3,294 supercontigs. While there are fewer SAS per
chromosome than sorghum genes, the number of SAS mapped per chromosome
parallels the distribution of number of sorghum genes per chromosome (Fig. 6.1).
This is an interesting feature that reinforces the observed conservation and similar-
ity of these two species.
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Fig. 6.1 Distribution of SAS along the sorghum chromosomes. The SAS were aligned using Sim4
at W=12 and a cutoff of coverage for the SAS=90 %. The number of mapped SAS is lower than
the number of Sorghum genes. However, they follow the distribution of Sorghum genes per
chromosomes

A total of 38,967 sugarcane proteins were predicted using ESTScan (Iseli et al.
1999) with the Zea mays matrix. To estimate the number of putative orthologs to the
predicted 36,338 sorghum proteins, InParanoid was used at default parameters
(Remm et al. 2001) (Table 6.5). The predicted number of Saccharum proteins with
homologs in Sorghum was estimated to be 16,444 and the predicted number of sor-
ghum proteins with homologs in Saccharum was 25,363, yielding a total number of
orthologous groups of 10,432. A possible explanation of the lower number of
Saccharum proteins with homologs in sorghum may be that SAS currently may
contain copies of similar genes or that some SAS are incomplete sequences that
map to the same sorghum gene.

4 Microarray Data

4.1 Saccharum Microarray Studies

The sugarcane transcriptome has been extensively analyzed using nylon arrays,
cDNA microarrays and oligonucleotide arrays. Using nylon filter microarrays
Nogueira et al. (2003), analyzed the expression profile of 1,536 sugarcane ESTs in
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Table 6.5 Prediction of Saccharum proteins and orthologs to sorghum

Description Total Average size
Proteins in Sorghum bicolor 36,338 202
Predicted proteins in Saccharum 38,967 387
Predicted Saccharum proteins with homologs in Sorghum 16,444

Sorghum proteins with homologs in Saccharum 25,363

Total groups of orthologs 10,432

samples exposed to cold for up to 48 h. They identified 59 high quality ESTs showing
significantly altered expression during cold treatment. Thirty-four were up regu-
lated, including five polyubiquitin proteins (CA097514.1, CA101228.1,
CA0064748.1,BU103666, and CA0974371.1) , acellulose synthase-4 (CA097873.1),
axanthine dehydrogenase (XDH) (CA102747.1), a copper/zinc SOD (CA120040.1),
a pyruvate orthophosphate dikinase (PPDK) (CA097241.1), and NADP-dependent
malic enzyme (NADP-ME) (CA097270.1), indicating possible maintenance of
photosynthetic processes during cold stress (Nogueira et al. 2003).

Environmental and developmental plant responses depend on intricate network
signals of different cellular components. To compile a signal transduction database
for sugarcane, 3,563 SAS involved in several aspects of signal transduction, tran-
scription, development, cell cycle, stress responses, and pathogen interaction were
categorized into the SUCAST Catalogue (http://sucest-fun.org). The ESTs were
grouped into 29 main categories subdivided into 409 subcategories (Papini-Terzi
et al. 2005; Souza et al. 2001).

To explore individual variation in sugarcane field-grown plants, cDNA microar-
rays containing 1,280 SAS from the SUCAST catalogue were used to define tissue
expression profiles and transcript abundance in sugarcane organs (flowers, roots,
leaves, lateral buds, and first and fourth internodes) (Papini-Terzi et al. 2005).
Differential expression was more pronounced in leaves (8.84 %), roots (11.78 %)
and fourth internodes (8.26 %). Flower samples showed four transcription factors to
be highly expressed: a GARP transfactor (CA162928.1), an AP2 (CA116150.1), a
zinc finger (CA110100.1) and a MADS-box domain-containing proteins
(CA172499.1) that play important roles in organ development were particularly
pronounced. Three receptor genes (CA116933.1, CA124905.1, CA070313.1) were
preferentially expressed in leaves (receptor-like kinase) and components of biosynthetic
pathways of salicylic acid (phenylalanine ammonia-lyase; CA132523.1), abscisic
acid (zeaxanthinepoxidase; CA125475.1), and ethylene ACC oxidase (CA130173.1),
ACC synthase (CA099229.1). Four nitrilases (CA125195.1, CA095693.1,
CA103229.1, and CA132900.1) and three lipoxygenases (CA129965.1,
CA130399.1, and CA133468.1) showed prevalent expression in root tissues. In the
fourth internode a gene of 3-O-methyltransferase (COMT) (CA125200.1) was
expressed which is related primarily to lignin biosynthesis.

The ¢cDNA microarray approach described above was also used to monitor
expression changes of 1,545 genes in plantlets submitted to biotic and abiotic stress
(Rocha et al. 2007). Using the outlier method HTSelf (Véncio and Koide 2005),
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SOM (Self-Organizing Maps) and qRT-PCR, the authors found 485, 146, 158 and
68 differentially expressed genes in sugarcane plants submitted to drought, phos-
phate starvation, ABA and MeJA respectively. Forty-four percent of the differen-
tially expressed genes were drought responsive. Signaling pathways related to cold
and drought have a high degree of overlap. For example, two SAS encoding low
temperature induced (LTI) proteins (CA186860 and CA096029) were upregulated
in response to water deprivation. Other overlaps were found between ABA and
drought signaling. Among the genes induced were two delta-12 oleate desaturase
(CA189695 and CA179715), one S-adenosylmethionine decarboxylase (CA189868)
and a PP2C-like protein phosphatase (CA147516) homologous to ABI1 and ABI2
ABA-responsive genes of Arabidopsis. ABA treatment induced a glycine-rich pro-
tein (CA189990) and two GTPases (CA095849 and CA134244) similar to Rab11 of
Arabidopsis. In the MeJA treatment, two H4 (CA127099 and CA106117) histones
and one H2B (CA120037) were upregulated indicating a possibly regulation by
chromatin remodeling. Phosphate starvation altered the expression the majority of
genes after 6 h of treatment.

Increasing sucrose in sugarcane culms is one of the main targets of breeding
programs. To identify genes associated with sucrose content Papini-Terzi and col-
leagues (2009) evaluated the transcriptome of genotypes of crosses between
S. officinarum and S. spontaneum and commercial varieties SP80-180 and SP80-4966.
Individuals with extreme values of sugar content were compared. Among the genes
differentially expressed were those related to hormone signaling (auxin, ethylene,
jasmonates), stress responses (drought, cold, oxidative), cell wall metabolism, cal-
cium metabolism, protein kinases, protein phosphatases, and transcription factors.

Fifty-four genes represented by protein kinases (PKs), protein phosphatases
(PPases) or receptor-like kinases (RLKs) were differentially expressed in high Brix
plants and during culm development. PKs from the SNF1/SnRK family were highly
represented among the differentially expressed genes. This family regulates the
expression of genes related to carbohydrate metabolism in yeast and in plants
(Halford and Hey 2009). In mature internodes where sucrose accumulation is higher
some members of this family were found to be expressed at a lower level.
Additionally, four 14-3-3 (CA119664.1, BU103695.1, CA133114.1, and
CA132593.1) proteins of the GF14 type also were found altered. These proteins
participate in the signaling mediated by SnRK (Sugden et al. 1999; Torosera et al.
1998). A large overlap of gene expression changes were observed when sucrose
content and drought response datasets were compared. Phosphorylation events were
also implicated to have a role in drought responses. Sixty-nine genes associated
with sucrose content were regulated by drought and eleven by ABA. One protein
phosphatase of the PP2C family (CA147516.1) was less expressed in high Brix,
reduced in the mature internodes and induced by drought and ABA. A member of
the CBL interacting protein kinase (ScCIPK-21) gene family (CA142458.1) found
to be more expressed in high Brix and mature internodes was much more induced
during culm development in high Brix plants. This may be indicative that the induc-
tion of this gene leads to higher sucrose levels.
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Several transcription factors (TFs) were found to be differentially regulated. In
immature internodes, two members of the homeobox knotted 1-homeodomain
(CA116948.1 and CA078708.1), a TF related to ARF6 (auxin response factor 6a)
(CA119432.1) and three auxin response proteins (CA146855.1, scvplr2005h03.g,
CA151389.1.g, CA122611.1.g) were more expressed than in mature internodes.
A second ARF6 (CA113224.1), a NAM (no apical meristem) (CA127180.1) and an
EIL (ethylene insensitive3-like) (CA147144.1) showed differentially expressed
when high and low brix genotypes were compared.

Cell wall metabolism genes have also been evaluated at the expression level in
sugarcane. Expansins may act in the relaxation of the cell wall of plants and in sug-
arcane two of them were found to be differentially expressed when high and low
brix plants were compared. A xyloglucan endo-fB-1, 4 glucanase (XTH)
(CA117385.1) and three genes (CA119495.1, CA132523.1, and CA079959.1) of
the lignin biosynthesis pathway were associated with sucrose content. These findings
indicate that cell wall metabolism may be altered in plants improved for sucrose
content (Papini-Terzi et al. 2009).

Using plants from the same crossing between commercial varieties described
above (SP80-180 vs. SP80-4966), Felix and colleagues (2009) profiled mature
leaves. Among the genes altered, the group found an omega-3 fatty acid desaturase
(FADS) (CA079174), a putative receptor-like serine/threonine kinase (ScCBAK1)
(CA156919), and a Myb domain transcription factor LHY/CCA1 (CA190110).
Transcripts enriched in mature leaves of low sugar content plants included three
14-3-3 like proteins (CA146811, CA132593, and CA133114), two proteins involved
in inositol metabolism [O-methyltransferase (CA125200) and Inositol-4,5-
trisphosphate phosphatase (CA185029)], a SNFl-related protein (SnRK1)
(CA279976), eight stress-related proteins (CA122463, CA160294, CA186860,
CA239336, CA119392, CA124270, CA135201, and CA127342), two transcription
factors (CA110838 and CA093881), and an F-box TIR-1 (CA096709). All data
described above can be accessed through the SUCEST-FUN Database (http://suc-
est-fun.org) (Felix et al. 2009).

Other sugarcane microarray platforms not included in the SUCEST-FUN Project
can be found in the public repository GEO-NCBI (Table 6.6). An Affymetrix
Genechip for the Sugarcane Genome containing 8,236 probe sets was created that
can be used to monitor gene expression for approximately 6,024 distinct genes.
Using this platform Casu and colleagues (2007) identified over 100 differentially
expressed transcripts during development. They also showed that cellulose synthase
(CesA) and cellulose synthase-like (Csl) gene families were coordinately expressed
during sugarcane stem development (Casu et al. 2007).

Genes responsive to sucrose and hexose accumulation in sugarcane leaves that
had their sugar concentration altered by excision and cold-girdling were identified.
Sugar accumulation was correlated to a decrease in photosynthesis. The authors
identified 74 differentially expressed genes involved in primary and secondary met-
abolic pathways and 21 genes associated with photosystems I and II. Increased
expression of sugar transporters (BU925715 and AY165599) and a MAPK
(CA272048) and the decreased expression of two SnRK1 regulatory subunit beta-1
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genes (CF577254 and CA093131) indicate that sugar accumulation induced a
signaling cascade. Four genes related to trehalose metabolism including a trehalose
6-phosphate synthase (CA176198 and CF573831) and a trehalose 6-phosphate
phosphatase (CA086449 and CF575026) pointed to these genes as potential targets
to disable sugar signaling mechanisms that might inhibit sugar accumulation
(McCormick et al. 2008).

4.2 Sorghum Microarray Studies

Gene expression studies have been reported that describe sorghum responses to
herbivory, biotic and abiotic stress, which can be accessed through a MIAME com-
pliant database (Brazma et al. 2001) (Table 6.7).

To understand if attack by a phloem-feeding greenbug aphid activates jasmonic
acid (JA) and salicylic acid (SA) regulated genes, a collection of 672 cDNAs was
obtained using a subtraction method. A total of 82 responsive transcripts were found
that encode proteins involved in direct defense, defense signaling, oxidative burst,
secondary metabolism, abiotic stress, cell maintenance, and photosynthesis (Zhu-
Salzman et al. 2004). The transcriptome profile of the highly greenbug-resistant
Sorghum M627 line was also evaluated. In this case, 157 differentially expressed tran-
scripts were found that belong to nine functional categories (Sung-Jing et al. 2006).

In relation to abiotic and biotic stress, Buchanan et al. (2005) exposed seedlings
of Sorghum bicolor to high salinity (150 mM NaCl), osmotic stress (20 % polyeth-
ylene glycol) and ABA. Gene expression was examined in roots and shoots at 3 and
27 h post treatment. A sorghum cDNA microarray with 12,982 unique gene clusters
was used and 2,200 genes were found altered in response to the treatments (Buchanan
et al. 2005).

Using the same microarray system Salzman et al. (2005) profiled the response to
salicylic acid (SA), methyl jasmonate (MeJA) and the ethylene precursor aminocy-
clopropane carboxylic acid. Sorghum bicolor L. Moench cv BTx623 seedling root
and shoot tissues were evaluated at 3 and 27 h after treatment. Data from over one
hundred hybridizations and quantitative PCR analysis for 171 genes showed both an
antagonism and synergism by SA and MeJA. The antagonism effect means that the
great majority of the 18 genes MeJA induced, showed lower induction when
MeJA +SA were applied. The synergistic effect was showing by 22 genes (greater
than the sum of individual inductions) to SA+MeJA treatment than by SA and
MelJA alone.

For other grasses such as Miscanthus, there is no transcriptome profile informa-
tion available at this time. Comparisons of this grass against sugarcane will be very
informative, since Miscanthus is expected to be very similar at the DNA sequence
level to sugarcane.

Recently, the sorghum genome sequence has been obtained (Paterson et al.
2009). Several groups have started to sequence sugarcane using next-generation
technologies and some Miscanthus shot-gun sequences have also been recently
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released. To compare transcriptome data it will be important to conduct a careful
identification of putative orthologs. The microarray data provided so far together
with the knowledge of promoter sequences will allow for a better understanding of
regulatory pathways and gene networks related to agronomic traits of interest. This
will be an important step in defining gene targets to produce new varieties with
improved sucrose content, high biomass and increased energy content for biofuel
production.

5 Final Considerations

The Brazilian consortium developed the main dataset of sugarcane ESTs called
SUCEST representing more than 90 % of sugarcane expressed genes. Due to this
ESTs collection and smaller ones, a lot of information about transcriptome profile
of sugarcane in different development stages and submitted to several stress condi-
tions are available and some signaling pathways have shown a high degree of over-
lap. Among these, the phosphorylation and dephosphorylation events can be found
related to sucrose content, drought response, and ABA. Some transcription factors
and expansins can be differentially regulated during culm development and among
contrasting sucrose content cultivars. Genes related to trehalose metabolism were
regulated during sugar accumulation and cellulose synthase and cellulose synthase-
like genes families were upregulated during sugarcane stem development.

The transcriptome profile of Saccharinae clade is very important to understand
how different conditions of plant development and stress can affect agronomic traits
of interest. However, to compare transcriptome data it is necessary to conduct a
careful identification of alleles and putative orthologs.

For the future, the challenge will be to obtain the sugarcane BAC library and shot-
gun sequences through the Next-generation sequencing, and thus, the microarray
data provided so far, together with the knowledge of promoter sequences, will allow
the better understanding of regulatory pathways and gene networks. This will be an
important step in defining gene targets to produce news varieties with improved
sucrose content, high biomass, and increased energy content for biofuel production.
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Chapter 7
Sorghum and Sugarcane Proteomics

Bongani Kaiser Ndimba and Rudo Ngara

Abstract Proteomics is recognised as an important tool for global, translational
level, gene expression studies. In comparison to animal studies, plant proteomics
lags far behind. This chapter gives a brief review of the current state of plant pro-
teomics. This is followed by a report of the application of in silico bioinformatics
approaches in Saccharum spp. (sugarcane) protein subcellular localisation studies.
The first comprehensive attempt at Saccharinae proteome work was done on
Sorghum bicolor, commonly referred to as sorghum. Data from two-dimensional
polyacrylamide gel electrophoresis (2D PAGE)- and mass spectrometric (MS)-
based proteomics tools used to analyse global protein accumulation profiles of leaf,
sheath and root tissues from two sorghum varieties, AS6 and MN1618, is described.
Identified sorghum proteins are grouped into appropriate functional categories and
their subcellular localisations are predicted using various bioinformatic tools.
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1 Introduction

Proteomics is defined as the large-scale analysis of proteins from a particular
organism, tissue or cell (Blackstock and Weir 1999; Pandey and Mann 2000; van
Wijk 2001), while the proteome is the expressed protein complement of the genome
(Blackstock and Weir 1999). Unlike the genome that is generally well defined and
static over time, the proteome is dynamic and constantly changes during develop-
ment and in responses to both internal and external cues (Heazlewood and Millar
2003; Komatsu 2006; Speicher 2004).

The field of proteomics is divided into three broad areas: expressional, functional
and structural proteomics (Blackstock and Weir 1999; Ng and Ilag 2002).
Expressional proteomics (also termed differential proteomics) is the study of global
changes in protein expression; functional proteomics include large-scale studies of
protein—protein interactions and enzyme activity assays, while structural proteom-
ics is the study of the three-dimensional structure of proteins. For further details on
the basic principles of proteomics and its applications and technology foresight, we
recommend a book entitled Proteomics in Cancer Research (Liebler 2004). The
present chapter presents an overview of expressional proteomics and details of
its application in sugarcane (Saccharum spp.) and sorghum (Sorghum bicolor
L. Moench.) research.

Essential parts of the workflow in high-throughput expressional proteomics
include the separation of proteins in a crude extract which often contains complex
proteome and their proteolytic digestion followed by mass spectrometry-based
protein identification. Crude protein extracts are separated either by one- or two-
dimensional gel electrophoresis (1DE or 2DE) in gel-based proteomics or proteoly-
sed then separated using multi dimensional liquid chromatography (MUDPIT) also
known as non-gel-based (Washburn et al. 2001). Two-dimensional gel electropho-
resis remains the method of choice for separating proteins in complex mixtures
(Dunn and Gorg 2001; Rabilloud 2002; Thiellement et al. 1999) because of its abil-
ity to separate dozens, hundreds or even thousands of proteins at a time (Gorg et al.
2000) as well as different protein isoforms (Carpentier et al. 2008). This electropho-
resis system separates proteins in two dimensions: firstly on the basis of their
isoelectric point (p/) by isoelectric focusing (IEF); and secondly on the basis of their
molecular weight (MW) using sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). After 2DE, separated proteins are visualised in the gels
using protein stains and subsequently identified by mass spectrometry (MS) and
database searches.

A number of protein staining methods are available, which allow for the detec-
tion and visualisation of protein bands or spots in 1DE or 2DE gels (Gorg and Weiss
2004; Hurkman and Tanaka 2007; Westermeier 2005). The criteria used for select-
ing which stain to use and when depend on the ease of use, reliability, sensitivity,
compatibility with MS and cost (Hurkman and Tanaka 2007). Widely used stains
include Coomassie Brilliant Blue (CBB) dyes (R-250 and G-250); improved silver
stains, which use sodium thiosulphate instead of aldehyde-based sensitizers that are
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not compatible with MS; and fluorescent stains such as cyanine-based dyes (Cydye),
SYPRO Ruby (Gorg and Weiss 2004; Hurkman and Tanaka 2007; Patton 2000;
Westermeier 2005) and the Flamingo™ fluorescent stain developed by Bio-Rad
Laboratories (Bio-Rad, Hercules, CA, USA).

After the detection and visualisation of proteins in 2DE gels, the gels are scanned,
imaged and comparatively analysed using dedicated 2DE analysis software pack-
ages such as PDQuest, Melanie, Z3, Z4000, Phoretix and Progenesis amongst oth-
ers (reviewed by Marengo et al. 2005). The analysis of 2DE gels using PDQuest
software, for instance, follows a series of steps for gel evaluation, namely, scanning,
image filtering, automated spot detection, matching of spot profiles, normalisation
and differential and statistical analysis of the expressed proteins (Marengo et al.
2005). Thereafter, proteins of interest are proteolysed, usually by trypsin, and
identified using MS-based identification methods.

Mass spectrometry, defined as the accurate mass measurement of charged ana-
Iytes (Patterson and Aebersold 2003), is widely used for the identification of pro-
teins in proteomics. Mass spectrometers have three main components: an ionization
source, a mass analyser and an ion detector (Patterson et al. 2001); are named on the
basis of their ionization source and mass analysers (Patterson 2000); and measure
mass-to-charge ratios (m/z) of charged molecules. The two commonly used ionisa-
tion methods in proteomics are matrix-assisted laser desorption/ionisation (MALDI)
and electrospray ionisation (ESI). MALDI is commonly combined with the time-of-
flight (TOF) mass analyser, while ESI is combined with triple quadrupoles (Q) fol-
lowed by a TOF-mass analyser (Matthiesen and Mutenda 2007). The principles and
applications of these MS instruments together with a range of others are reviewed
elsewhere (Aebersold and Goodlett 2001; Lin et al. 2003; Matthiesen and Mutenda
2007, Patterson 2004; Patterson and Aebersold 2003; Westermeier 2005).

2 Plant Proteomics

The field of proteomics is gaining momentum in plant sciences with several studies
having been performed and reported on agriculturally important crops (Jorrin et al.
2007; Jorrin-Novo et al. 2009; Salekdeh and Komatsu 2007). Although there has
been major proteomic advances using other plant species, much of the knowledge
gained on plant developmental processes and stress response mechanisms has been
from work using Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa) (Jorrin
et al. 2007; Jorrin-Novo et al. 2009) mainly because of their publicly available com-
plete genome sequences (International rice genome sequencing project. 2005; The
Arabidopsis Genome Initiative. 2000).

In proteomics studies, genome sequences are important resource tools for the
identification of proteins. Where fully annotated sequences are not yet available,
protein identification can be through similarity searches of homologous proteins in
closely related species (Carpentier et al. 2008). Indeed, prior to the completion of
the maize genome-sequencing project (Schnable et al. 2009), a proteomic study in
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maize (Zea mays) (Porubleva et al. 2001) relied largely on the limited sequence data
and homology-based protein identification. The sugarcane proteome prediction
study by Vicentini and Menossi (2009) relied on the use of expressed sequence tags
(ESTs) data, which represents partial gene sequences. However, for the other plant
species without significant amount of published genomic sequence or EST data,
protein identification success rates are lowered resulting in limited proteomic data
being available (Jorrin et al. 2007). Amongst the cereal crops, only rice (International
rice genome sequencing project. 2005), sorghum (Paterson et al. 2009) and maize
(Schnable et al. 2009) have been fully sequenced to date. These genome sequences
offer invaluable tools for the identification of genes and proteins with potential
application in plant breeding approaches for both the increase in yield as well as
tolerance to both abiotic and biotic stresses (Salekdeh and Komatsu 2007).

In this chapter, we give an overview of proteomics studies in sugarcane
(Saccharum spp.) and sorghum (Sorghum bicolor L. Moench.).

3 Sugarcane Proteomics

The first published work on sugarcane proteomics reported an 18 kDa protein spot
seen accumulating in 2DE separated proteins that were prepared from K86-161
sugarcane plant leaves subjected to drought stress conditions (Jangpromma et al.
2007). This 18 kDa protein was not identified, but its expression under drought
stress conditions was further tested and confirmed via Western blot analysis.

Recently, an in silico genome-wide proteome analysis was conducted as the first
attempt in the global study of the sugarcane (Saccharum ssp.) proteome (Vicentini
and Menossi 2009). This study used sugarcane EST sequences from a SUCEST
(Sugarcane EST) project (Vettore et al. 2003) which had a collection of 43,141 sug-
arcane cDNA sequences, estimated to represent 30,000 genes. Vicentini and
Menossi (2009) used the SUCEST data to determine open reading frames (ORFs)
using three prediction programmes (GeneMark.SPL, GENSCAN and ESTScan)
and these ORFs were subsequently used to construct putative protein sequences.
This exercise resulted in the prediction of 11,882 putative polypeptides.

The first thing done with this putative protein data was to conduct a thorough
putative subcellular localisation of the putative proteins using PWMSubLoc, a
relatively novel method that combines the power of seven algorithms, namely —
MitoProtII (Claros and Vincens 1996), PSORT (Nakai and Horton 1999), TargetP
(Emanuelsson et al. 2000), PredictNSL (Cokol et al. 2000), SubLoc (Hua and Sun
2001), iPSORT (Bannai et al. 2002) and Predotar (Small et al. 2004). The mitochon-
dria, plastids, secretory pathway, nucleus and cytoplasm are five subcellular com-
partments chosen for this investigation.

The study further analysed putative functions of proteins that were predicted to
reside in sugarcane plastid and mitochondria. Polypeptides homologous to proteins
with known functions were reported. These include electron transport-, metabolism-,
proteolytic/peptidolytic-, protein biosynthesis-, carbohydrate metabolism-, secretory-,
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photosynthetic-, protein folding-, proton transport-, DNA repair- and signal
transduction-related proteins. Interestingly, bioinformatic predictions show that
plastid and mitochondria have similar proportions of putative functional proteins. In
both cases, electron transport-related proteins represent the majority and proton
transport-related proteins are in the minority. It is also noteworthy that some of the
proteins common to both compartments are secretory pathway-related proteins. This
observation is important but its significance is not explained, and thus would require
further study as this may be outside the scope of the currently reported work.

The impact of sugarcane on global economics is enormous as it cultivated in over
110 countries on approximately 20 million hectares and producing approximately
1,590 million metric tons of biomass per annum (http://en.wikipedia.org, and the
Food and Agriculture Organisation (FAO)). Advances in the cost and speed of
genome sequencing (Podolak 2010) will eventually lead to a better understanding of
its genome and facilitate further studies on this plant’s proteomics and related
molecular biology towards further development of tools and methods for the
improvement of its productivity.

4 Sorghum Proteomics

Sorghum’s natural drought tolerance together with its recent genome sequencing
(Paterson et al. 2009) makes it the most logical Saccharinae model for both pro-
teomics and genomics research, especially for studies aimed at understanding the
mechanisms of drought tolerance in cereals. In addition, sorghum exhibits a much
greater tolerance to salt stress, in comparison to maize (Krishnamurthy et al. 2007)
for instance. Sorghum is an important “fail safe” crop in the hot, dry and relatively
saline regions of the world, where it provides food, feed and fuel supplies for mil-
lions of people. Despite the economic potential of this crop and the promising tech-
nique of proteomic approaches in understanding plant biological systems, to our
knowledge, sorghum proteomics is still very limited.

To our knowledge, the first sorghum proteome analysis was carried out in our
laboratory at the University of the Western Cape (UWC) in Cape Town, South
Africa (Ndimba and Thomas 2008; Ngara et al. 2008). In that published research
work (Ngara et al. 2008), we aimed at establishing a sorghum cell suspension cul-
ture system for subsequent use in the analysis of both cellular and secreted proteins
during the developmental processes of this crop, as well as in response to various
abiotic stresses. The use of cell suspension cultures in sorghum proteomics was
largely motivated by the wide application of plant cell cultures in proteomics; the
large supply of homogenous plant material provided for by these cultures; as well
as the ease with which these cultures may be manipulated under a range of experi-
mental conditions. In the study (Ngara et al. 2008), we established a viable cell
culture system and profiled the 2DE protein patterns of the total soluble proteins
(TSPs) and the secreted proteins, also termed culture filtrate (CF) protein. Both 1DE
and 2DE separation of the TSP and CF protein extracts showed that the two
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proteomes have distinct expression profiles, showing differences in nature (MW
and pl), composition and complexity. Because of the less complex nature of the
secreted protein profiles, we opted to begin further work on the secretome: both as
amapping exercise as well as in studying its responsiveness towards abiotic stresses.
This component of the sorghum secretome research work is still ongoing in our
research group at UWC and we hope it will provide a foundation from which future
studies on sorghum secretomics may spin off.

Our research group is also involved in the application of sorghum whole plant
systems in proteomics studies. This approach allows for the integration of tissue-
specific proteome profiling and hence in-depth analysis of biological processes
simultaneously at work in different locations of the plant. Outlined below is a review
on the optimisation of the extraction of TSPs from various tissues of two sorghum
varieties (AS6 and MN1618). These varieties were part of a seed batch that was
donated to us by Dr. Pangirayi Tongoona, a plant breeder at the African Centre for
Crop Improvement, University of KwaZulu-Natal, South Africa, and were chosen
on the basis of their differences in salt tolerance as observed in an experiment on
screening of sorghum varieties for salt tolerance (data not shown). The overall aim
of this work was to establish the proteome profiles of the tissues by 2DE and work
towards the establishment of a sorghum leaf proteome reference map by a combina-
tion of 2DE and mass spectrometry. The work reviewed below was part of Rudo
Ngara’s PhD thesis obtained at UWC (Ngara 2009).

4.1 Protein Extraction from Different Tissues
of Sorghum Seedlings

Two sorghum varieties, AS6 and MN1618, were used as sources of plant material.
The sorghum seeds were surface sterilised and germinated on Murashige and Skoog
(MS) media [4.4 g/l MS basal medium (Murashige and Skoog 1962), 3% (w/v)
sucrose, 5 mM 2-(N-morpholino)ethanesulfonic acid (MES) and 0.8% (w/v) agar
adjusted to pH 5.8 using 2 M KOH]. Fourteen days following seed plating, sorghum
seedlings were harvested and the leaf, sheath and root tissues were excised. To mini-
mise protein degradation, the plant material was immediately flash frozen in liquid
nitrogen and stored at —20°C until needed for protein extraction procedures. The dif-
ferent tissues were separately extracted of composite proteins using the TCA/acetone
method as described (Ngara 2009). Leaf and sheath protein extracts were prepared
from an average of ten 14-day-old sorghum seedlings. To bulk up root material for
protein extraction, root protein extracts were prepared from at least 20 14-day-old
sorghum seedlings. Extracted proteins were quantified using a modified Bradford
assay (Bradford 1976) as previously described (Ndimba et al. 2003).



7 Sorghum and Sugarcane Proteomics 147

Fig. 7.1 One-dimensional gel electrophoresis of total soluble protein of leaf, sheath and root
tissues of AS6 and MN1618 sorghum varieties. Approximately 10 pg of soluble protein of each
tissue was loaded onto 12% SDS-PAGE gels. (a) AS6 leaf, (b) MN1618 leaf, (c) AS6 sheath,
(d) MN1618 sheath and (e) AS6 and MN1618 roots samples. Lane M is the molecular weight
marker. Lanes /-4 represent independent biological replicate protein extracts for the leaf and
sheath samples (a—d). Lanes R/ and R2 represent root samples from AS6 and MN1618 sorghum
varieties, respectively

4.2 One-Dimensional Protein Profiles of Sorghum Tissues

1DE was carried out to evaluate the quality and loading quantities of the protein
extracts prior to 2DE. Figure 7.1 shows CBB-stained 1DE profiles of leaf, sheath
and root proteomes of the two sorghum varieties. Figure 7.1a: AS6 leaf; b: MN1618
leaf; c: AS6 sheath; d: MN1618 sheath; e: AS6 and MN1618 root proteomes. Lane
M shows the MW markers. Lanes 1-4 show protein profiles from four independent
biological replicate extractions for the leaf and sheath tissues. Each lane was loaded
with approximately 10 pg of total protein of the respective tissue extract. It was
observed that the quality of all protein extracts was good, showing no visible signs
of streaking and protein degradations. The biological replicates (Lanes 1-4) within
an experiment (Fig. 7.1) also showed high similarity in protein expression, abun-
dance and banding patterns. This suggests that protein preparation was reproducible
between independent extractions. Figure 7.1e illustrates the 1DE protein profiles of
root tissue. Lanes R1 and R2 represent protein extracts from AS6 and MN1618
sorghum varieties, respectively. Both lanes were loaded with 10 pg of total protein.
When compared to the leaf and sheath proteomes (Fig. 7.1a—d), the root proteome
profiles of both seed types (Fig. 7.1e) were composed of mostly low-abundant pro-
tein bands. However, protein extracts from all three tissues, leaf, sheath and root,
covered the MW range between 10 and 110 kDa.
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Fig. 7.2 Representative CBB-stained 2DE gels of leaf, sheath and root tissues of AS6 sorghum
variety. Protein extracts were separated in the first dimension by isoelectric focusing using 7 cm
linear IPG strips, pH range 4-7 and 12% SDS-PAGE gels in the second dimension. Protein loading
was (a) leaf (100 pg), (b) sheath (150 pg) and (c¢) root (100 pg)
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Fig. 7.3 Representative CBB-stained 2DE gels of leaf, sheath and root tissues of MN1618 sor-
ghum variety. Protein extracts were separated in the first dimension by isoelectric focusing using
7 cm linear IPG strips, pH range 4-7 and 12% SDS-PAGE gels in the second dimension. Protein
loading was (a) leaf (100 ng), (b) sheath (150 pg) and (c) root (100 pg)

4.3 Two-Dimensional Protein Profiles of Sorghum Tissues

Three of the four biological replicates of protein extracts from leaf and sheath tissues
(Lanes 1-4, Fig. 7.1a—d) were randomly selected for further separation using 2DE
analysis. Due to the limitations in protein quantities for both AS6 and MN1618 root
extracts, only one composite proteome gel was prepared for each of the two sorghum
varieties. Protein loading on the 2DE gels also varied between tissues depending on
the overall complexity and abundance of the respective proteomes. For sheath sam-
ples, 150 pg of total protein was loaded onto immobilized pH gradient (IPG) strips
(Bio-Rad), while for both the leaf and root samples, a protein load of 100 pug was
used. For all tissues, mini gels, using 7 cm IPG strips of pH range 4-7, were used.
This pH range was chosen on the basis that most of the soluble proteins fell within
that pH range (data not shown). It was observed that spot resolution and abundance
between three biological replicate gels of each of the leaf and sheath extracts were
uniform. This indicates that 2DE was reproducible between different samples within
an experiment. Figures 7.2 and 7.3 illustrate representative 2DE gels of tissue pro-
teomes of AS6 and MN1618 sorghum varieties, respectively. Figure 7.2a—c shows
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Fig. 7.4 A representative CBB-stained 2DE gel of the sorghum MN1618 leaf proteome showing
spots picked for mass spectrometry analysis. About 100 pg of the leaf protein extract was sepa-
rated in the first dimension by isoelectric focusing using 7 cm linear IPG strips, pH range 4—7 and
12% SDS-PAGE gels in the second dimension. Numbered spots (1-40) were selected for
identification using a combination of MALDI-TOF MS, MALDI-TOF-TOF MS and database
searches

the leaf, sheath and root proteomes of AS6 sorghum variety. Figure 7.3a—c represents
the leaf, sheath and root proteomes of MN1618 sorghum variety. In general, it was
observed that the sheath shared common spots with both the leaf and root. However,
protein expression between the leaf and root was remarkably different.

4.4 Towards the Establishment of a Sorghum
Leaf Proteome Map

One of the main objectives of our sorghum whole plant proteomics research was to
work towards the establishment of a sorghum leaf proteome map. To achieve this
goal, MN1618 leaf proteome was used in the mapping exercise. Of the 171 repro-
ducible CBB stainable leaf protein spots observed amongst three biological repli-
cate extractions of MN1618, a total of 40 well-resolved spots of varying degrees of
abundance, MW and pl ranges were selected for identification using MS-based
methods. The selected protein spots (spots 1-40; Fig. 7.4) were picked from CBB-
stained gels using the ExQuest™ spot cutter (Bio-Rad). Protein contained in the picked
gel plugs was trypsinised and peptide digests were analysed using matrix-assisted
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laser desorption/ionisation-time of flight-time of flight (MALDI-TOF-TOF) MS
on a 4800 Proteomic analyser (Applied Biosystems, Boston, MA, USA). Combined
lists of the MS and MS-MS data were used for database searching with MASCOT
version 2.2 (http://matrixscience.com) against all entries in the National Center for
Biotechnology Information (NCBI) database. Although the sorghum genome has
been fully sequenced (Paterson et al. 2009), and is available on the Phytozome ver-
sion 5.0 database (http://www.phytozome.net/), there is still limited sorghum
sequence data on databases that can be searched via the mass spectrometry data
search engine MASCOT. Therefore, using sequence data on NCBI, protein
identification was mainly based on the homology between sorghum and other green
plants. Only spot identities with a MOWSE score equal to or greater than 76 were
regarded as significant protein matches (significance threshold of p<0.05).

Mass spectrometry using a combination of MALDI-TOF and MALDI-TOF-TOF
MS, and genomic database searches of the 40 trypsinised protein spots resulted in
the positive identification of 28 protein spots (70% successful identification of the
total number of picked spots for MS identification). The remaining 12 spots did not
match any protein identity with acceptable MOWSE score values. Table 7.1 gives a
summary of the identified protein spots, their best match identities, plant species of
origin and corresponding NCBI accession numbers. Both the theoretical and experi-
mental MW/pIs of the proteins are also shown. The positively identified protein
spots matched the identities of proteins from a wide range of plants possibly show-
ing the high degree of conserved genes and gene products within higher plants. On
the other hand, unidentified proteins (spots 3, 4, 15, 16, 19, 22, 23, 25, 27, 30, 31 and
38; Fig. 7.4; Table 7.1) were of varying degrees of abundance, MW and p/ values.

4.5 Proteins Identified in Multiple Spots

It was observed that seven classes of proteins were represented in multiple spots on
the 2DE gels (Fig. 7.4; Table 7.1). These are pyruvate phosphate dikinase (spots 1
and 2); RuBisCo (spots 5 and 6); malate dehydrogenase (MDH) (spots 10 and 14);
ferrodoxin-NADP oxidoreductase (spots 17 and 18); adenosine diphosphate glu-
cose pyrophosphate (spots 29 and 39); chloroplastic ATP synthase proteins (spots 7,
32, 33, 13, 40) and hydroxynitrile lyase (spots 20 and 28). The multiple protein-
spotting patterns observed in this sorghum leaf proteome can be loosely classified
into four groups. Group one consists of protein spots with the same NCBI accession
number, migrating at the same MW but different p/s. Examples of proteins in this
group include (1) pyruvate phosphate dikinase (spots 1 and 2; NCBI accession
AAP23874; Table 7.1), which migrated at the same MW of approximately 110 kDa
but different pIs of 5.2 and 5.3, respectively; and (2) adenosine diphosphate glucose
pyrophosphate (spots 29 and 39; NCBI Accession CAC85479; Table 7.1), both
migrated at 20 kDa but different p/s of 5.6 and 6.1, respectively. These protein spots
most likely represent post-translationally modified peptides and thus isoforms of
each enzymes.
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Group two consists of proteins with the same NCBI Accession number, but
different MW as well as pls. The hydroxynitrile lyase protein (spots 20 and 28;
NCBI Accession 1GXS_C; Table 7.1) could be classified in this group. These spots
migrated at 30 and 20 kDa and had p/ values of 4.9 and 5.1, respectively. According
to Wajant and Mundry, S. bicolor hydroxynitrile lyase is composed of two different
subunits o and B with molecular sizes of 33 and 22 kDa, respectively (Wajant and
Mundry 1993). These subunits occur as of dimers (MW =55 kDa) while the active
enzyme is a heterotetramer (o 3,; MW range 95-105 kDa). Therefore, the two
hydroxynitrile lyase spots observed in this sorghum leaf proteome could probably
represent o and 3 subunits of the enzyme. Hydroxynitrile lyases are also docu-
mented to have p/ ranges of between 4 and 5.5 (Poulton 1990), a characteristic
consistent with the results obtained in this leaf proteome study (Table 7.1).

Group three consists of spots that match the same protein name but of different
NCBI Accessions, MW and pl values. Examples of these proteins include MDH
(spots 10 and 14; Table 7.1) and ferrodoxin-NADP oxidoreductase (spots 17 and 18;
Table 7.1). These peptides are most likely to represent isoforms from a multigene
family. For example, the MDH protein spots represent isoforms of different subcel-
lular locations and co-enzyme specificity and therefore are likely to be involved in
different metabolic functions in the cell. Spot 10 represents a chloroplastic NADP-
dependent MDH while spot 14 represents that of a cytoplasmic specific NAD-
dependent MDH (Table 7.1).

Group four consists of spots with a combination of parameters from the other
three groups and are also known to be part of protein—protein complexes. Examples
are (1) the chloroplastic ATP synthase proteins (spots 7, 13, 32,33 and 40; Table 7.1).
These spots corresponded to the alpha (spot 40), beta (spots 7, 32 and 33) and gamma
(spot 13) subunits of the chloroplastic ATP synthase complex; and (2) RuBisCo
large subunits (spots 5 and 6; Table 7.1). The identification of component subunits
of protein complexes has also been reported in other proteomic studies. Albertin and
co-workers identified six spots corresponding to the alpha, beta, delta and gamma
subunits of the chloroplastic ATP synthase complex in B. napus stem tissue (Albertin
et al. 2009). In the same study, both the small and large subunits of RuBisCo were
identified in stem tissue, while alpha and beta subunits of tubulin were detected in
both the stem and root tissues.

5 Putative Functional Classification of Identified
Sorghum Leaf Proteins

After the identification of expressed proteins in a particular tissue, it is important to
establish their functions. Knowledge on protein function would lead to the identification
of cellular processes, main metabolic pathways and biological functions of the tissue
under study. The putative functions of the identified sorghum leaf proteins were
assessed by a combination of similarity searches on the Arabidopsis database (http://
www.arabidopsis.org), Universal Protein Sequence database (http://www.uniprot.org)
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|1 Carbohydrate metabolism
(60.7%)
i Proton transport (17.9%)

"= Protein synthesis (7.1%)
B Hydrolytic enzymes (7.1%)

= Nucleotide metabolism 3.6%

«" Detoxifying enzymes (3.6%)

Fig. 7.5 Functional distribution of the mass spectrometry identified sorghum leaf proteins.
Numbers indicated in brackets represent the proportion of proteins within each functional category
expressed as a percentage of the 28 MALDI-TOF and MALDI-TOF-TOF MS positively identified
protein spots

and literature sources. Using these bioinformatics tools and literature sources, all
the 28 positively identified protein spots (Table 7.1) were successfully classified
into six broad functional categories: carbohydrate metabolism, proton transport,
protein synthesis, hydrolytic enzymes, nucleotide metabolism and detoxifying
enzymes. The functional categories and proteins in each respective class are listed
in Table 7.1 while a graphical representation of the distribution of proteins in each
class is illustrated in Fig. 7.5. A description of proteins and their functions in each
of the functional categories is given below.

5.1 Carbohydrate Metabolism

The majority of the identified sorghum leaf proteins (60.7%, Fig. 7.5) had functions
in carbohydrate metabolism. This observation is consistent with results obtained in
other leaf proteomics studies of maize (Porubleva et al. 2001), barrel medic (Watson
et al. 2003), rice (Nozu et al. 2006) and pea (Schiltz et al. 2004). In this functional
category, many biological processes and metabolic pathways including the light
reaction of photosynthesis, the Calvin cycle, starch biosynthesis, glycolysis and
malate/oxaloacetate shuttle system among others were represented. The high repre-
sentation of such metabolic pathways in the leaf tissue of seedlings demonstrates
their important contribution in the growth and development of plants as well as the
primary function of plant leaves.

Five proteins that are directly involved in light reactions of photosynthesis were
identified (Fig. 7.4; Table 7.1). These include the chlorophyll a/b binding proteins
type II precursor (spot 37), the oxygen evolving enhancer protein 1 precursor (spot
35), the photosystem Il oxygen evolving complex protein 2 (spot 36) and ferrodoxin
NADP-oxidoreductase (spots 17 and 18). Chlorophyll-binding proteins are synthesised
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as precursor molecules in the cytoplasm and imported into the chloroplast where
they are inserted in the thylakoid membranes (Bassi et al. 1997). They have several
functions including light harvesting, energy dissipation and pigment storage. As
components of the light harvesting complexes in plants, the primary functions of
chlorophyll a/b binding proteins is the absorption of light and the transfer of the
excitation energy to the photochemical reaction centres (Bassi et al. 1997; Ganeteg
et al. 2001). In some cases, plants are exposed to higher light intensities than used
in photosynthesis. Therefore, to prevent photoinhibition and damage to the photo-
synthetic machinery excess energy is then dissipated by these light-harvesting pro-
teins. In addition, chlorophyll a/b binding proteins are believed to have a function in
pigment storage (Bassi et al. 1997).

The light energy absorbed by chlorophyll a/b binding proteins (spot 37; Table 7.1)
is used to drive the light-dependent oxidation of water, releasing molecular oxygen.
Hydrogen ions are also released in the process, creating a transmembrane chemios-
motic potential that is utilised by adenosine triosephosphate (ATP) synthases during
ATP synthesis. Photolysis of water occurs in the oxygen-evolving complex (OEC)
of Photosystem II (PS II) reaction centres (McEvoy and Brudvig 2006; Raymond
and Blankenship 2008; Sproviero et al. 2007). The OEC is composed of four man-
ganese ions, calcium and possibly chloride ions, which are bound to extrinsic pro-
teins (McEvoy and Brudvig 2006). Two of these extrinsic OEC proteins were
identified in our sorghum leaf proteome study: the PS II OEC protein 2 (spot 36;
Table 7.1) and an oxygen-evolving enhancer protein precursor (spot 35; Table 7.1).
PS II OEC proteins are involved in retaining calcium and chloride ions, two inor-
ganic cofactors for the water-splitting reaction (Ifuku et al. 2005). The oxygen-
evolving enhancer protein is believed to have a dual function: (1) optimising the
manganese cluster during photolysis and (2) protecting the reaction centre proteins
from damage by oxygen radical formed in light (Heide et al. 2004). Two isoforms
of ferrodoxin-NADP oxidoreductases (spots 17 and 18; Table 7.1), with MW of
approximately 36 and 35 kDa, respectively, were identified in this sorghum leaf
proteome. The MW range of these spots is consistent with the average 35 kDa of
plant reductases (Arakaki et al. 1997). In plants, this enzyme exists in two different
forms: photosynthetic and heterotrophic forms, which are encoded for by different
genes and may be associated with different metabolic pathways (Gummadova et al.
2007). In our sorghum leaf proteomics study, only the photosynthetic isoforms were
identified. Ferrodoxin-NADP oxidoreductases catalyse the reversible electron trans-
fer between one-electron carrier systems (ferrodoxin) and the two-electron carrying
NADP(H) (Thomas et al. 2006). In chloroplasts, the main physiological function of
this enzyme is to catalyse the final step of the photosynthetic electron transport,
providing NADPH, which is then utilised in the carbon fixation step of the Calvin
cycle (Arakaki et al. 1997).

The Calvin cycle (also termed the reductive pentose phosphate pathway) is a
metabolic pathway that produced pentose sugars (Heldt 1997). The cycle is charac-
terised by three phases: the carboxylation, reduction and regeneration phases. Some
proteins involved in these phases were identified in our sorghum leaf proteome
study. Two spots (5 and 6; Table 7.1) representing the RuBisCO large subunits were
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identified. RuBisCO is a multimeric enzyme with two subunits: large (50-55 kDa)
and small (12—18 kDa) (Andersson and Backlund 2008). In this study, the RuBisCO
proteins were observed as forming a train of spots on the basic side of the gel (p/s
6.5 and 6.6) with MW of approximately 53 and 51 kDa, respectively. This observa-
tion is consistent with results from other proteomic studies. In the pea leaf pro-
teome, it was observed that RuBisCO proteins formed an abundant train of spots
between pH 6 and 7, at approximately 50 kDa (Schiltz et al. 2004). Similarly, in the
maize leaf proteome, several RuBisCO large subunits were also identified between
pH 6 and 7 and MW of approximately 50-56 kDa (Porubleva et al. 2001). However,
contrary to reports that RuBisCO may contribute to the low quality of 2DE gels and
also obscure the resolution of other relatively low-abundant proteins (Watson et al.
2003), in our study, the expression of the large subunit of RuBisCo did not seem to
compromise the quality of our sorghum leaf 2DE gel images using 7 cm, IPG strips
of pH range 4-7 (Bio-Rad).

Functionally, RuBisCO catalyses the carbon fixation (carboxylation) reaction in
the Calvin cycle of photosynthesising plants. In this process, ribulose 1,5-bisphos-
phate (RuBP), a 5-carbon compound, serves as an acceptor molecule for CO, to
form an unstable 6-carbon compound, which immediately breaks down, forming
two molecules of 3-phosphoglycerate (3PGA) (Andersson and Backlund 2008;
Kellogg and Juliano 1997; Tabita et al. 2007). The end product of this carboxylation
reaction, 3PGA, is phosphorylated by ATP to form 1,3-biphosphoglycerate and
adenosine diphosphate (ADP). This reaction is catalysed by a cytosolic 3-phospho-
glycerate kinase also identified in this study as protein spot 9 (Table 7.1). The above
reaction is one of the two that occurs in the second phase (reduction phase) of the
Calvin cycle (Heldt 1997; Macdonald and Buchanan 1997).

In the third phase, RuBP molecules are regenerated to allow the first carbon
fixation step to occur. The regeneration phase is characterised by a series of enzy-
matic reactions that convert triose phosphate to RuBP (Heldt 1997; Macdonald and
Buchanan 1997). Some of the enzymes involved in the intermediate steps of this
phase, a sedoheptulose-1,7-biphosphate precursor (spot 11; Table 7.1) and fructose
1,6-biphosphate aldolase precursor (spot 34; Table 7.1), were also identified.
Together with others, these two enzymes catalyse reactions, which ultimately result
in the formation of ribulose-5-phosphate. The ribulose-5-phosphate is then phos-
phorylated to form RuBP by phosphoribulokinase, an enzyme that was also identified
in the sorghum leaf proteome (spot 12; Table 7.1). To complete the cycle, RuBP is
subsequently used as a substrate for RuBisCo in the first phase of carbon fixation.
Some of the triose phosphate produced in the Calvin cycle is used for sucrose and
starch biosynthesis (Raines 2003; Tamoi et al. 2005).

Starch is an important storage polysaccharide in plants, providing an energy
source for various metabolic processes (Kruger 1997). Starch synthesis involves
three enzymes: adenosine diphosphate glucose pyrophosphatase (AGPase), a starch
synthase and a branching enzyme (Guan and Keeling 1998; Martin and Smith 1995;
Preiss 1997). Only one of these three enzymes was identified in the sorghum leaf
proteome. Two protein spots (29 and 39; Table 7.1) representing an AGPase were
identified, both migrating at the same MW of approximately 20 kDa but having
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different p/s of 5.6 and 6.1, respectively. Plant AGPases are tetrameric in structure,
being composed of two different subunits, which are products of different genes.
The small and large subunits have a subunit MW range of 50-54 kDa and 51-60 kDa,
respectively (Preiss 1997). However, although the experimental and theoretical MW
of the two AGPases spots are in close range, 20 kDa versus 22 kDa, respectively, for
both spots (spots 29 and 39; Table 7.1), these values were almost half of those pub-
lished for general plant AGPases. This observation could possibly indicate (1) the
high similarity in protein sequences between the two grasses (wheat and sorghum)
and (2) differences in amino acid sequences and MW between AGPases of grasses
and other plant AGPases.

AGPases catalyse the formation of ADP-glucose and inorganic pyrophosphate
from ATP and glucose-1-phosphate (Boehlein et al. 2005). The end product of this
reaction, ADP-glucose, is a precursor for starch synthesis (Tetlow et al. 2003).
Starch synthase then transfers the glucose from ADP-glucose to the nonreducing
end of a growing acceptor chain, thus elongating the a-1,4 glucan chains. In the
third step, the starch branching enzyme then cleaves an elongated a-1,4 glucan
chain, simultaneously transferring it to an acceptor chain to form a-1,6 linkages
(Guan and Keeling 1998; Martin and Smith 1995; Preiss 1997).

Two isoforms of MDH were identified in the sorghum leaf proteome. Spot 10
represents a chloroplast NADP-dependent MDH (EC 1.1.1.82) with an approximate
experimental MW of 45 kDa and pI of 5.2 (Table 7.1). The second isoform in spot
14 represents a cytoplasmic NAD-dependent MDH (EC 1.1.1.37) with an approxi-
mate experimental MW of 39 kDa and pl/ of 6 (Fig. 7.4; Table 7.1). Plant cells are
known to contain multiple isoforms of MDHs, which differ in co-enzyme specificity,
subcellular localisation and biological function (Ding and Ma 2004; Minarik et al.
2002). In plants, five different classes of MDHs are present: (1) chloroplast NADP-
dependent MDH; (2) mitochondrial NAD-dependent MDH; (3) microbody NAD-
dependent MDH; (4) chloroplast NAD-dependent MDH and (5) cytosolic
NAD-dependent MDH (Ding and Ma 2004). These enzymes occur as homodimers,
with subunit molecular weight ranging between 32 and 37 kDa for the NAD-
dependent MDH and 42-43 kDa for the NADP-dependent MDHs (Ding and Ma
2004). The identification of these two isoforms of MDH with different subcellular
localisation and co-enzyme specificity in sorghum leaf tissue reinforces this notion.

The experimental/theoretical MW of 45/41 kDa and 39/36 kDa for spots 10 and
14, respectively, (Table 7.1) are in close range. This possibly indicates the high
degree of similarities between the amino acid sequences of the proteins identified in
our sorghum leaf proteome and those found in plant databases. Furthermore, the
experimental MW of spot 10, a chloroplastic NADP-dependent MDH (MW =45 kDa;
Table 7.1), is in close agreement with the average MW range (42—43 kDa) for chlo-
roplastic NADP-dependent MDH. Similarly, the experimental MW of spot 14, a
cytoplasmic NAD-dependent MDH (MW =39 kDa; Table 7.1), is in close agree-
ment with the average MW range (32-37 kDa) for cytoplasmic NAD-dependent
MDH. With respect to the p/s of the two proteins, experimental and theoretical val-
ues also compare well for both spots. For example, the p/ of spot 14 (p/=5.2;
Table 7.1), a cytoplasmic NAD-dependent MDH, is comparable with that of a
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stromal NAD-dependent MDH isoform (p/=5.3) isolated from chloroplast of
spinach leaves (Cvetic et al. 2008).

Generally, MDHs catalyse the interconversion of oxaloacetate and malate using
the NAD/NADP coenzyme system (Goward and Nicholls 1994; Minarik et al.
2002). However different isoforms in different subcellular locations are thought to
have different functions. For example, the chloroplastic NADP-dependent MDH
forms part of a malate valve system (Scheibe 2004), which converts excess NADPH
into malate and transports in from the chloroplast into the cytosol (Fridlyand et al.
1998). Therefore, it is highly probable that the chloroplastic NADP-dependent
MDH identified in our sorghum leaf proteome might have a function in balancing
reducing equivalents between the cytosol and the chloroplast stroma. In C, plants
such as sorghum and maize, this chloroplastic NADP-dependent MDH isoform may
have an additional role in the synthesis of malate, which is transported into the
chloroplast of bundle sheath cells and takes part in carbon fixation (Ding and Ma
2004). On the other hand, cytoplasmic NAD-dependent MDH isoforms are less
well characterised with limited structural and functional information being known.
Nevertheless, a cytoplasmic NAD-dependent MDH was isolated from wheat
(TaMDH) (Ding and Ma 2004). Both mRNA and protein expression studies showed
that this MDH was expressed in leaves, stems and roots. TaMDH had an MW of
approximately 40 kDa, which corresponds very well with 39 kDa for protein spot
14 (Table 7.1), observed in the sorghum leaf proteome. Since the cytoplasmic NAD-
dependent MDH isoforms were shown to be present in different plants tissues (Ding
and Ma 2004), they are proposed to have housekeeping functions in plant metabo-
lism. However, their actual physiological functions and mechanism of action are yet
to be elucidated.

5.2 Proton Transport

The second major functional category (17.9%) identified in the sorghum leaf pro-
teome study consisted of proteins associated with the transportation of protons
across the chloroplastic thylakoid membranes. A total of five spots (spots 7, 13, 32,
33 and 40; Table 7.1) representing various subunits of the chloroplastic ATP syn-
thase complex were identified. The relative abundances of the subunits also varied
as observed in Fig. 7.4. Various subunit components of this complex have also been
identified in the proteomes of rapeseed stem (Albertin et al. 2009) and maize leaf
(Porubleva et al. 2001). Structurally, chloroplastic ATP synthases have two major
components: an extrinsic CF,, which synthesises ATP, and the membrane-bound
CF, that translocates protons across the thylakoid membrane. The CF, has five
subunits alpha, beta, gamma, delta and epsilon while CF0 has three main subunits:
a, b and ¢ (McCarty 1992). The five protein spots identified in this sorghum leaf
proteome represent three of CF, subunits: alpha, beta and gamma with experimental
MW of 57, 55 and 39 kDa, respectively (Table 7.1). These estimated MW ranges are
highly comparable to the theoretical estimates of 56, 54, and 40 kDa (Table 7.1) and
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55,54 and 36 kDa (McCarty 1992) for alpha, beta and gamma subunits, respectively.
The main physiological function of the chloroplastic ATP synthase is to produce
ATP from ADP in the presence of a proton gradient across the thylakoid membrane
(McCarty 1992; von Ballmoos and Dimroth 2007). This proton gradient is created
during the light reactions of photosynthesis. The ATP then drives a wide variety of
energy-consuming cellular processes such as the Calvin cycle during plant cell
growth and development.

5.3 Protein Synthesis

Two proteins, a translational elongation factor Tu (spot 8; Table 7.1) and a nucleic
acid-binding protein (spot 21; Table 7.1), represented the protein synthesis group,
thus constituting 7.1% of all the identified proteins. Protein synthesis is important in
providing cells with the needed proteins and enzymes, which participate in many
biological processes within the cell. During protein synthesis, elongation factor Tu
binds aminoacyl-tRNAs and guanosine tri-phosphate (GTP) to form a complex,
which then associates with a ribosome that is complexed to messenger RNA and
transfer RNA (Harris et al. 1994; Kang et al. 1998). In this way, polypeptides are
elongated during synthesis.

5.4 Nucleotide Metabolism

The nucleotide metabolism functional category was represented by one protein, a
putative adenylate kinase (ADK) (spot 24; Table 7.1), thus constituting about 3.6%
of all the identified proteins. ADKs are small monomeric enzymes of approximately
21-27 kDa in size (Schiltz et al. 1994). The enzymes catalyse the reversible forma-
tion of ADP by the transfer of one phosphate group from ATP to adenosine mono-
phosphate (AMP) (Lange et al. 2008). As such, ADK is considered to be an important
enzyme in energy metabolism as well as in maintaining the equilibrium of adeny-
lates (ADP,ATP and AMP) in vivo (Carrari et al. 2005; [gamberdiev and Kleczkowski
2006). In maize, a C ’ plant, ADK is important for efficient CO2 fixation in the C .
cycle by removing and recycling AMP produced in the pyruvate phosphate dikinase
reaction (Schiltz et al. 1994). This enzyme could possibly have a similar function in
sorghum, another C, plant.

5.5 Hydrolytic Enzymes

The hydroxynitrile lyase (HNL) spots (20 and 28; Table 7.1) were classified as
hydrolytic enzyme (7.1%). These enzymes catalyse the cleavage of cyanogenic gly-
cosides into aldehydes or ketones and hydrogen cyanide (Lauble et al. 2002;
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Purkarthoferetal. 2007). Hydrogen cyanide is toxic, and its production (cyanogenesis)
is initiated by tissue damage (White et al. 1998). In plants, cyanogenesis acts as a
defence mechanism against herbivores and microbial attack as well as alternative
nitrogen source for amino acid synthesis by young seedlings (Fechter and Griengl
2004; Hickel et al. 1996). In all cyanogenic plants, such as sorghum and cassava,
cyanogenic glucosides (substrate) and the corresponding enzymes are located in
different cellular compartments (Morant et al. 2008). This spatial separation of the
substrate and enzyme helps prevent cyanogenesis until the tissue is damaged
(Poulton 1990; Vetter 2000). In sorghum, cyanogenic glucosides are located in the
vacuoles of epidermal cells while the HNL are located in the cytoplasm of meso-
phyll cells (Hickel et al. 1996).

5.6 Detoxifying Enzymes

Glutathione S transferase (GST; EC 2.5.1.18) I (spot 26; Table 7.1) was identified in
our sorghum leaf proteome. Plant GSTs are mainly cytosolic enzymes (Dixon et al.
2002), occurring either as homo- or heterodimers, each with an MW range of
between 25 and 27 kDa (Edwards et al. 2000). Therefore, it is highly probable that
the 26 kDa GST protein (spot 26; Table 7.1) identified in this study could represent
a subunit of the enzyme. Functionally, GSTs are glutathione-dependent detoxifying
enzymes, which conjugate glutathione to a wide range of natural products, environ-
mental toxins (such as herbicides) as well as products of oxidative stress. The glu-
tathione conjugates are then transported to the vacuoles for further metabolism into
arange of sulphur-containing metabolites (Edwards et al. 2000). The observation of
a GST protein spot in our sorghum leaf proteome provided evidence that these
enzymes are present in plant cells even under non-stress conditions. However, their
precise functions in normal cellular processes are still not clearly understood. It is
proposed that GSTs may have a function in detoxifying endogenous products of
oxidative damage such as membrane lipid peroxides and products of oxidative DNA
damage. GSTs might also act as nonenzymatic carrier proteins (ligandins), which
bind and transport plant hormones such as indoleacetic acid (Marrs 1996).

6 Subcellular Localisation of Identified Sorghum
Leaf Proteins

Knowledge of protein localisation into subcellular compartments is important as it
helps clarify protein function and mechanisms of action (Kumar et al. 2002; van
Wijk 2004). Subcellular localisations of the identified sorghum leaf proteins were
predicted using a combination of TargetP version 1.1 (http://www.cbs.dtu.dk/
services/TargetP/) (Emanuelsson et al. 2007), Predotar version 1.0 (http://urgi.
versailles.inra.fr/predotar/predotar.html) (Small et al. 2004) and literature sources.
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Fig. 7.6 Subcellular localisation results of the identified sorghum leaf proteins. Subcellular locali-
sations of the sorghum leaf proteins were predicted using a combination of TargetP version 1.1
(http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson et al. 2007), Predotar version 1.03 (http://
urgi.versailles.inra.fr/predotar/predotar.html; Small et al. 2004) and literature sources. Numbers
indicated in brackets represent the proportion of proteins within each subcellular compartment
expressed as a percentage of the 28 spots that were positively identified by a combination of
MALDI-TOF and MALDI-TOF-TOF MS and database searches

The subcellular localisation of each of the positively identified proteins is given in
Table 7.1 while a graphical representation of the total number of proteins in each
subcellular location is shown in Fig. 7.6.

Sorghum leaf proteins identified in this study as outlined in Sect. 5 above were
predicted to be localised in the chloroplast (20 spots; 71.4%), followed by the cyto-
plasm (5 spots; 17.9%), apoplast (2 spots; 7.1%) and an unknown location (1 spot;
3.6%). These results are consistent with the observation that the most prominent
functional category amongst the identified sorghum leaf proteins (Fig. 7.4; Table 7.1)
was carbohydrate metabolism and photosynthesis-related processes (Fig. 7.5;
Table 7.1). In green plants such as sorghum, photosynthesis and carbohydrate meta-
bolic pathways occur primarily in photosynthetic organelles called chloroplasts
(van Wijk 2004). Therefore, the dominance of the chloroplast as the main subcel-
lular location of sorghum leaf proteins in the current study correlates well with the
functional classification results (Table 7.1; Fig. 7.5).

The chloroplast itself has different compartments: (1) the outer and inner envelop
membranes that surround the organelle, (2) the soluble stroma, (3) the thylakoid
membrane and (4) the thylakoid lumen (van Wijk 2004). Each of these compart-
ments has a different subset of proteins or subproteomes. Collectively, the chloro-
plast has a diverse population of proteins, which are either soluble or membrane
associated. The representation of these two broad classes of proteins in any pro-
teomic study also differs depending on the extraction procedures utilised in the
experiment. Membrane proteins are usually poorly represented because of their
hydrophobic nature and thus low solubility in most 2DE extraction and solubilisa-
tion buffers (Molloy 2000; Santoni et al. 2000). To determine the sub-organellar
locations of the 20-chloroplast predicted proteins (Table 7.1), bioinformatics
searches were carried out on the Plant Proteome Database (PPDB; http://ppdb.tc.
cornell.edu/) (Sun et al. 2009) using A. thaliana homologs. Table 7.2 gives a
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Table 7.2 List of stromal and membrane-associated sorghum leaf chloroplast proteins

Membrane
Protein name Spot* Stroma  Integral  Peripheral
Pyruvate phosphate dikinase 1 and 2 +
RuBisCo 5and 6 +
Chloroplastic NADP-dependent malate 10 +
dehydrogenase
Sedoheptulose-1,7-biphosphate precursor 11 +
Phosphoribulikinase, chloroplastic precursor 12 +
Ferrodoxin-NADP oxidoreductase 17 and 18 +
Fructose 1,6-biphosphate aldolase precursor 34 +
Oxygen-evolving enhancer protein 1 35 +
precursor
PSII oxygen-evolving complex protein 2 36 +
Chlorophyll a/b-binding proteins type III 37 +
precursor
ATP synthase 7,32,33,13 +
and 40
Translational elongation factor Tu 8 +
Putatative adenylate kinase, chloroplast 24 +

*Spot number as indicated on the 2DE gel image (Fig. 7.4)
+ Indicates subcellular localisation of proteins

summary of the chloroplast subproteome protein identities and their locations
(stroma versus membrane). The membrane proteins were further divided into
peripheral or integral proteins depending on their interaction with the membrane
(Friso et al. 2004). From the results, it was observed that both the stromal and
membrane proteins were represented in equal proportions. Of the ten membrane-
associated proteins, only one, the chlorophyll a/b binding protein (spot 37; Table 7.2),
was an integral protein while the other nine were associated with either the lumenal
or the stromal side of the thylakoid membrane.

7 Conclusion

All cells of an organism have the same genome; however the proteomes of different
cells, tissues and organs within the same organism differ in accordance with their
functions. As shown in mammalian systems, proteomics studies increase the under-
standing of molecular mechanisms underlying reproduction, growth and develop-
ment of these organisms. Plants are indispensable to most mammals, including
humans—as source of food, fuel and shelter material, contributing the largest bio-
mass on earth. Despite this, the development of plant proteomics is much slower,
underfunded, understudied and therefore poorly understood in comparison to ani-
mal studies. Although some extrapolations can be made, plants and animals are very
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different and in order to understand plant molecular biology better, we need to know
their proteomes and factors that affect them in as much detail as possible. Few
plants are currently receiving proteomics attention, with sorghum, and sugarcane to
some extent, being the only representative of the Saccharinae to our knowledge. As
in mammalian and prokaryotic systems, through proteomics, researchers will iden-
tify and characterise protein biomarkers for various aspects related to Saccharinae
genetics, phenotypic features, reproduction, growth and development offering novel
opportunities for productivity improvement, disease prevention and/or treatment.
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Chapter 8
Gene Mutagenesis Systems and Resources
for the Saccharinae

Zhanguo Xin, Ming-Li Wang, Surinder Chopra, and Pohao Wang

Abstract This chapter focuses on mutant populations in Saccharinae that are
available for genomic studies. Emphasis is on sorghum mutant resources as few
mutant resources are available in sugarcane or Miscanthus due to polyploidy of
their genomes. As a minimally redundant genome that last experienced genome
duplication ~70 million years ago, sorghum is particularly sensitive to ethyl methane
sulfonate (EMS) and other mutagens, with many mutagenized lines displaying vari-
ous phenotypes at EMS concentrations as low as 0.1%. Many mutant phenotypes
have the potential to increase biomass production or bioenergy conversion efficiency
of sorghum plants. Characterizing these sorghum mutants may also provide useful
information to improve biomass production and bioenergy conversion efficiency or
other traits of other plants, for example via RNAi technology. The small size of the
sorghum genome, its diploid nature, and high gene density also make sorghum an
obvious choice for an efficient transposon tagging system. The Candystripel (Csl)
transposon has been isolated. The activity of Cs/ has been demonstrated in the y/
locus, and several mutations have been isolated. An understanding of the genetic
behavior of this element has been gathered toward the development of a viable
transposon tagging system in sorghum.
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1 Introduction

Mutations, either natural or induced, provide raw material for evolution and plant
breeding. Using modern molecular genetics techniques, mutational analyses play a
crucial role in elucidation of gene function, metabolic processes, signaling, growth,
and development. Mutational analyses fall into two broad categories: forward and
reverse genetics. In forward genetics, informative mutant phenotypes are identified
first. Then, the mutant with the desired trait is crossed to another ecotype that has
extensive DNA polymorphism and the genomic region attributable to the phenotype
is identified through genetic mapping. The mutated gene responsible for the pheno-
type is identified through traditional positional cloning or through sequencing can-
didate genes if sufficient information is available to infer the processes leading to
the phenotype. In reverse genetics, a series of mutants for a gene is first isolated
based on sequence differences from the wild-type sequence. Then, the mutant phe-
notypes are analyzed to deduce the function of the gene. Reverse genetics tech-
niques are now available to enable high-throughput analysis of gene function on a
genome-wide scale. Sorghum genome sequencing from a leading inbred BTx623
has been completed (Paterson et al. 2009b). The focus now is to establish the func-
tion of majority of the genes in the sorghum genome. A well-characterized mutant
population and reverse genetics techniques will likely play an important role in
establishing the function of genes, especially those for which a functional assay is
not available.

2 Annotated Individually Pedigreed Mutagenized
Sorghum Library

Mutagenesis has long been applied to sorghum to isolate novel phenotypes that may
have potential application in breeding (Gaul 1964; Quinby and Karper 1942). Many
mutants with unique phenotypes that have not been observed in natural sorghum
collections have been selected from populations treated with various mutagens,
such as X-ray and y-irradiation, ethyl methane sulfonate (EMS), methyl methane
sulfonate (MMS), diethyl sulfate (DES), N-nitroso methyl urea (NMU), N-nitroso
ethyl urea (NEU), or combinations of chemical and irradiation mutagens (Quinby
and Karper 1942; Sree Ramulu 1970a, b; Sree Ramulu and Sree Rangasamy 1972).
Many beneficial mutations, including dwarfing, early flowering, high protein digest-
ibility, high lysine, and others, have been widely used in sorghum breeding (Ejeta
and Axtell 1985; Oria et al. 2000; Quinby 1975; Singh and Axtell 1973). The late
Dr. Keith Schertz, a former sorghum geneticist with USDA-ARS, collected and
preserved more than 400 natural and induced mutant lines from various genetic
backgrounds. This collection, now under the curation of the Plant Stress and
Germplasm Development Unit (USDA-ARS, Lubbock, TX), provides a starting
point to study the functions of sorghum genes.
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2.1 Development of an Annotated Individually Pedigreed
Mutagenized Sorghum Library

The sorghum genome sequence and the identification of its genes have made it
possible to study gene function on a genome-wide scale, and to compare gene func-
tion with other plants (Paterson 2008; Paterson et al. 2009b). A systematic mutant
library that contains multiple mutations for all genes in the sorghum genome is
urgently needed to deduce the functions of sorghum genes. Xin et al. (2008) reported
a modest population of 768 pedigreed EMS-mutagenized lines of BTx623, a lead-
ing inbred used for sorghum genome sequencing. The mutant library was developed
by single-seed-descent from individual mutagenized seeds (M) to M, generation.
Genomic DNA was prepared with leaf samples collected from the M, plants used
to produce M, seeds. Phenotypes are annotated at the M, generation to ensure that
any phenotype observed in a family is descended from a single mutagenesis event
(a single germ cell), represented by an M, plant used to prepare genome DNA.
Following phenotype annotation, ten M, panicles are bulked as M, seeds, which are
deposited in the library and will be distributed to end users on request. The mutant
library is named the Annotated Individually pedigreed Mutagenized Sorghum
(AIMS) library. Since the mutant library is pedigreed, recessive lethal mutations can
be preserved in heterozygous state. A pilot study shows that the library has a muta-
tion rate about 1/526 kb (Xin et al. 2008). Given the ~730 Mb genome size of sor-
ghum and the finding that about 4 of the DNA is euchromatin (Paterson et al.
2009b), each mutant line is expected to harbor about 340 mutations in the euchro-
matin. A mutant library with 6,400 lines would contain more than two million inde-
pendent mutations, i.e., about 80 mutations per gene. This level of coverage,
although far from saturation mutagenesis, should provide an adequate resource for
genome-wide identification of mutant series for most genes in the genome and to
screen for mutants that can be used for sorghum improvement or biological studies.
The library has now expanded to over 5,000 lines and will be expanded to 6,400
lines in the next 2 years. The mutant library can be accessed online at http://www.
Ibk.ars.usda.gov/psgd/index-sorghum.aspx.

Many factors affect the quality of mutant libraries. The first important factor is
the choice of mutagens. EMS was used to generate the AIMS library because of its
high rate of success in sorghum and many other plant species (Greene et al. 2003).
In a comparative study of multiple mutagens, EMS is shown to induce ten times
more chlorophyll mutations than NUE and MMS (Sree Ramulu 1970b). It has been
used extensively to create sorghum mutants with useful traits such as early flowering,
dwarfing, and a series of mutants with no or sparse epicuticular wax layers (Jenks
et al. 1994; Peters et al. 2009; Singh and Drolsom 1974; Sree Ramulu 1970b). The
second factor is the dosage of the mutagen used. The concentration of EMS used to
generate the mutant library must be evaluated carefully to balance seed setting with
adequate mutation frequency. This will involve trial and error and may vary for
different varieties or even different batches of EMS (Henikoff and Comai 2003).
BTx623 is very sensitive to EMS treatment. At 0.1% (v/v) EMS, only 40% of M,
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plants set seeds (Xin et al. 2008). This concentration is much lower than the 0.3%
(v/v) EMS which is frequently used in Arabidopsis and many other organisms
(Greene et al. 2003). The highest concentration of EMS that can be tolerated by
BTx623 is 0.25%, at which less than 10% of the plants produced seeds (Xin et al.
2008). Thus, the mutant library is generated with a series of EMS concentration
ranging from 0.1 to 0.25%, to balance mutation frequency with survival of mutants.
Other factors also impact the establishment of useful TILLING populations in sor-
ghum. For example, cross-pollination must be vigorously controlled to produce a
high-quality mutant library. Under normal growth conditions, sorghum is predomi-
nantly self-fertilized with a cross-fertilization rate ranging from 5 to 10% (Ellstrand
and Foster 1983). After EMS-mutagenesis, cross-fertilization increased dramatically.
A previous sorghum mutagenesis attempt was unsuccessful when cloth bags (Lawson
Bags, Northfield, IL) failed to prevent cross-pollination. An examination of resulting
M, plants using four hyperpolymorphic sorghum simple sequence repeat (SSR)
markers, Xtxp287, Xtxp270, Xtxp51, and Xtxp295 [publicly available (Menz et al.
2002)], showed that over 30% of the M, plants were the result of cross-pollination
from unknown sources. Cross-pollination can be effectively controlled by covering
the panicles at each generation with rainproof paper pollination bags (Lawson Bags,
Northfield, IL) before anthesis. Corn earworms and birds also pose serious threats to
the limited seed set in M, plants during the grain-filling period. The pollination bags
must be injected with pesticide to control corn earworm. Despite these challenges, a
sizable mutant library has been established and ready for distribution.

Ongoing phenotype annotation shows that this mutant library displays a variety
of phenotypes, potentially serving as both a forward genetic resource for identifying
useful traits and their genes for sorghum improvement, and as a reverse genetic
resource for identifying mutant series in specific genes to deduce their functions.
A selection of phenotypes is presented in Fig. 8.1. Here, we discuss two traits that
may be useful for improving conversion efficiency of sorghum stover to ethanol and
biomass production. Readers are referred to the online database for a complete com-
pilation of phenotypes observed in the mutant library.

2.2 Brown Midrib Mutations

Brown midrib (bmr) mutants have been isolated from C4 cereals such as maize,
sorghum, and millet through natural or induced mutations (Sattler et al. 2010). The
mutant phenotype is typified by a distinctive brownish colored mid veins of leaves,
which can be easily identified in the field. A typical bmr mutant is shown in Fig. 8.1.
Some mutants also accumulate reddish brown to yellow pigment in the stalk, root,
and stem pith. The bmr mutation is associated with reduced lignin content, increased
digestibility for livestock, and increased conversion efficiency of sorghum stover to
ethanol (Vermerris et al. 2007).

Sorghum bmr mutants were first isolated by Porter et al. (1978) from diethyl
sulfate mutagenized population. Twenty-eight sorghum bmr mutants represented by
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Fig. 8.1 A selection of mutant phenotypes that may have potential to improve bioenergy conver-
sion efficiency and biomass production in sorghum. A complete collection of mutant phenotypes
can be found online (http://www.lbk.ars.usda.gov/psgd/index-sorghum.aspx)

four loci (bmr2, bmr6, bmri2, and bmrl9) have been isolated from various sources
including natural mutation (Sattler et al. 2010). Two of the loci have been cloned by
candidate gene approaches. The bmr6 mutation encodes a cinnamyl alcohol dehy-
drogenase (CAD) and bmr12 encodes a caffeic O-methyl transferase (COMT) (Bout
and Vermerris 2003; Saballos et al. 2009; Sattler et al. 2009). These two enzymes
are involved in the last two steps of biosynthesis of monolignols, the precursors for
lignin biosynthesis. Among these four loci, bmr2 and bmrl9 are represented by a
single locus, indicating that saturation mutagenesis has not been achieved (Sattler
et al. 2010). Moreover, both bmr6 and bmri2, which are the main sources for com-
mercial bmr forage sorghum, are complete knockout mutation. To identify addi-
tional bmr mutants and to isolate non-knockout alleles of bmr6 and bmril2, we
initiated a systematic approach to isolate additional bmr mutants. A close inspection
of about 3,000 individual M, families identified over 100 independent mutants
with the typical brownish midrib. Many mutants have been confirmed in the next
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generation (Pedersen JF, personal communication). Ongoing complementation
study showed that in addition to many alleles of the previous known bmr loci, six
novel mutants that could not complement the previously known loci were also
identified. It is not clear how many new loci these six mutants represent. These
novel mutants and new alleles of previously known loci provide new genetic
resource to improve the digestibility of forage sorghum and the conversion efficiency
of sorghum stover to ethanol while minimizing the effect of bmr mutation on
biomass production and lodging.

2.3 Erect Leaf Mutants

Total biomass yield and efficient conversion of the biomass to bioenergy are two
critical factors for sorghum to become a major bioenergy feedstock. Although sor-
ghum has excellent tolerance to abiotic stresses such as drought and high tempera-
ture, and can thrive on poor soil with minimal fertilizer, sorghum biomass and grain
yield are generally lower than maize across a range of environmental conditions
(Mason et al. 2008). Moreover, the increase in potential yield of sorghum hybrids
released in the several decades since the Green Revolution is only one-third of that
of maize hybrids released in the same period of time (Dhugga 2007). Regardless of
the pace of the increase, the improvement in genetic yield potential in both maize
and sorghum is strongly correlated with increases in the number of ears (maize) or
panicles (sorghum) per unit area. Over this period of time, the density of maize
hybrids increased by an average of ~1,000 plants-per hectare per year, correspond-
ing to ~1% annual increase in grain yield (Dhugga 2007). In the 36 maize hybrids
released from 1936 to 1991, leaf angle score of new hybrids displayed an improve-
ment of 122% over the old ones, the greatest change among all ten plant traits
examined (Duvick and Cassman 1999). The modern maize hybrids have much more
acute (erect) leaf angle than older hybrids, which allows the hybrids to be planted at
higher density to capture more solar radiation per unit land area (Duvick and
Cassman 1999). Erect leaf mutants in rice have also been shown to have increased
biomass and grain yield (Sakamoto et al. 2006).

Compared with modern maize hybrids, sorghum exhibits an open canopy with
wide leaf angles that almost parallel the ground. A sorghum mutant with erect leaf
angle has been reported previously (Singh and Drolsom 1973). This mutant, associ-
ated with no leaf ligule and other undesirable traits, has not been used to improve
leaf angle in sorghum breeding. Among the 3,000 M, plots in the field, over 50 plots
segregated for leaf angles that vary from the wild-type BTx623. Eleven of these
mutants were confirmed at the next generation (M,). Several mutants have similar
or slightly bigger panicles than wild type (Table 8.1). Although these erl mutants
need to be confirmed in a segregating F, population and homozygous F, generation
under different environments and plant densities, some may prove to be useful for
improving sorghum biomass and grain production based on the yield improvement
achieved in maize hybrids through improved leaf angle (Dhugga 2007). Other traits
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Table 8.1 A list of erect leaf mutants confirmed at M4 generation

Second leaf Second leaf Second leaf Head Seed
Line Height (cm) angle (°) width (cm)  length (cm) length (cm) weight (g)
BTx623 163 45 7.5 56 32 78
M2P1374 96 82 9 65 34 7.6
M2P0514 101 80 6 56 25 10.2
MUT841 121 70 7.4 74.5 35 32.1
MUT1008 112 70 8.5 43 21 56.6
M2P0630 122 70 8.7 56 28 73.4
MUTI1169 131 65 7 48 32 60.9
M2P0819 122 65 7 55 25 44
M2P0684 124 60 6 65 26 28.7
M2P0784 128 60 7 60 29 38.4
25M2-0552 113 60 7 49 23 12.3
20M2-0024 138 60 8.5 54 35 74

Leaf angle was measured at full bloom on the leaf below the flag leaf. A leaf parallel to ground has
an angle of zero and perpendicular to ground has an angle of 90°

from the mutant library, such as monoculm, multiple tillers, and large panicle sizes
(Fig. 8.1), may also help to improve biomass and grain production in sorghum.
Furthermore, beneficial traits may be stacked to increase biomass yield and biomass
conversion efficiency to develop feedstock genotypes tailored to bioenergy produc-
tion (for example, crossing bmr mutants with mtl mutants and/or erl mutants to
develop double or triple mutant plants).

2.4 A Sorghum Mutant Library as a Source to Identify Beneficial
Traits for Other Saccharinae Species

Phenotype diversity and frequency after mutagenesis depend on the dosage of muta-
gen used, polyploidy level, and gene redundancy. As a minimally redundant genome
that last experienced genome duplication ~70 million years ago (MYA) (Paterson
et al. 2004), sorghum is very sensitive to mutagenesis treatments and displays a
wide spectrum and high frequency of mutant phenotypes even after treatment with
low dosage of mutagens (Peters et al. 2009; Sree Ramulu 1970a, b; Xin et al. 2008).
In hexaploid and tetraploid wheat, less than 0.5% of mutagenized lines display vis-
ible mutant phenotypes even after heavy mutagenesis (0.6—1.2% EMS for 18 h) that
resulted in a mutation rate of one base substitution per 24—80 kb (Slade et al. 2005).
Rice, a diploid plant, has experienced an evolutionary history very similar to that of
sorghum, with no genome duplication in about 70 million years (Paterson et al.
2004; Yu et al. 2005). However, rice often requires high concentrations of mutagens
to create mutant populations that have useful mutation frequencies (Till et al. 2007,
Wu et al. 2005). After treatment with 0.8% EMS, about 3% of the M, lines in rice
segregated for albinism (Wu et al. 2005), while 17% of M, lines in sorghum treated



176 Z. Xin et al.

with 0.25% EMS segregated from albino seedlings (Xin et al. 2008). Other common
mutant phenotypes occur at much lower frequency in mutagenized rice than in sor-
ghum. The presence of a husk outside of the rice grain may account in part for the
requirement of a high concentration of EMS but gamma radiation, which can
penetrate husks with little impedance, results in only slightly higher albinism rates
(Wu et al. 2005). To overcome the effect of husks, a mutagenesis protocol for treating
individual zygotes in developing panicles has been developed (Suzuki et al. 2007).
Mutation rates in populations generated with this new protocol appear to be higher at
DNA level than those in previous populations generated by treating mature seeds
(Suzuki et al. 2007; Till et al. 2007). The frequency of albinism or other visible
mutant phenotypes was not reported for this mutagenized population. Maize, although
a “diploid” plant based on chromosome pairing, is believed to have experienced a
whole genome duplication just 11 MYA and thus has more gene redundancy than
sorghum. TILLING populations have been developed in maize with adequate muta-
tion frequency at DNA level (Till et al. 2004; Weil and Monde 2007); however, the
frequency and diversity of visible mutant phenotypes have not been reported.

Many close relatives of sorghum are polyploids. Sugarcane (Saccharum) is an
autopolyploid with variable number of chromosomes from 2n=80 to 140 (Dillon
etal. 2007; Irvine 1999). Miscanthus x giganteus is a sterile allotriploid that is natu-
rally crossed from diploid Miscanthus sinensis (2n=38) and tetraploid Miscanthus
sacchariflorus (4n=76) (Rayburn et al. 2009). Due to the variable chromosome
number and ploidy levels, no natural or induced mutant has been reported. It is
likely to be challenging to develop mutant populations for these species. A sorghum
mutant library with well-annotated phenotypes could identify useful traits for
improving close relatives such as Saccharum and Miscanthus for biomass produc-
tion and bioenergy conversion efficiency. For example, bmr mutations have shown
to increase the digestibility and ethanol conversion efficiency of maize and sorghum
stover (Sattler et al. 2010; Vermerris et al. 2007). Two genes in the lignin synthesis
pathway, that lead to the bmr phenotype when mutated, CAD and COMT, have been
cloned. RNAI techniques might be applied to other grasses such as Miscanthus x
giganteus to down-regulate these two genes to improve the efficiency of converting
biomass to ethanol. Due to recent genome duplications, the annotated sorghum
mutant library may be also useful for functional studies of maize genes.

2.5 TILLING

Heritable mutation induced by physical radiation, transposon insertion, or chemical
mutagenesis with an ideal phenotype (such as early flowering) is occasionally but
infrequently used directly for agricultural production, sometimes used as a source
of variation in the breeding process, and very frequently used for biological studies.
Large chromosomal rearrangements (such as insertions, deletions, inversions, or
translocations) usually induced by radiation can be traced by cytogenetics. However,
detection of small insertions or deletions (indels) and point mutations is far beyond
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the resolution of cytogenetic analysis. Targeting induced local lesions in genomes
(TILLING) (McCallum et al. 2000a, b) is a new technique that can be efficiently
used for detecting small indels and point mutations. TILLING is particularly suit-
able for genome-wide analysis with a large mutant population induced by chemical
mutagenesis and can be used in a high-throughput format to make links between
characterized mutant genotypes and the resulting phenotypes. TILLING mainly
includes the following steps: development of a mutant population with a reasonable
number of individuals by mutagenesis; collection of leaf tissue from M, plants and
extraction of DNA; pool of DNA samples from mutants by one or multiple dimen-
sions; design of PCR primers covering regions of interest from sequence database;
PCR amplification of targeted regions of interest; heteroduplex formation between
wild-type and mutated amplicons; detection of mutation by dHPLC or other separa-
tion systems; dissection of individuals within a pool containing a mutation by fur-
ther PCR; reconfirmation of an individual with a mutation by sequencing; and
association of the confirmed mutant genotype with a resulting mutant phenotype.
The details of TILLING procedures can be altered or modified from lab to lab. For
example, the chemicals used for mutagenesis, the number of mutants within a popu-
lation for covering the full spectrum, and the number of pooling dimensions and
folds should be dependent on species. The detection platform can be dHPLC
(Underhill et al. 1997), agarose gel system (Raghavan et al. 2007), and denaturing
polyacrylamide gel or even capillary system depending on the equipment available
in the lab. A subset of 768 lines from the AIMS mutant library were selected to
conduct a pilot TILLING (Xin et al. 2008). Despite the sensitivity of sorghum to
EMS treatment, a mutation rate of 1/526 kb was found with four amplicons, a muta-
tion rate that is adequate for high-throughput TILLING to deduce the function of
sorghum genes.

3 Transposon Mutagenesis

3.1 Sorghum Candystripel Transposon

In sorghum, a variegated line was originally collected by Dr. O. Webster from
Gedaref, Sudan. Genetic analysis and mutable behavior of this allele indicated the
presence of a transposon (Zanta et al. 1994). Further molecular characterization led
to the isolation of the transposable element associated with the sorghum candystripe
(variegated) phenotype (Chopra et al. 1999). The host sequence of the transposon
was the yellow seed 1 (yI) gene which encodes an MYB domain protein that is
closely related to P1 and homologous MYB proteins in maize and teosinte (Chopra
et al. 2002; Jiang et al. 2004; Zhang et al. 2000). The variegated allele was desig-
nated as yI-candystripe (yI-cs). Based on the high frequency of somatic and germi-
nal reversions of y/-cs to functional y/, it was obvious that the phenotype of the
y1-cs allele results from the presence of a transposable element in the y/ gene
(Hu et al. 1991; Zanta et al. 1994). Moreover, the yl-cs allele bears a marked
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Revertant

Fig. 8.2 Panel A depicts the Sorghum candystripe phenotype and its similarity to the maize varie-
gated phenotype conditioned by P/-vv. Left of panel A shows a sorghum head with variegated and
red kernels next to a full red head (revertant). Panel B depicts the position of the Cs/ transposon in
the y/ sequence. Loss of the Cs/ results in generation of a functional y/ allele. Star indicates the
2 bp footprint left upon excision of the Cs/ element

resemblance to the maize p/-vv allele. In maize, the p/ gene regulates the production
of the phlobaphenes in kernel pericarp and other plant tissues (Chopra et al. 1996;
Lechelt et al. 1989). The y/-cs allele specifies variegated seed pericarp pigmentation
(Fig. 8.2). By virtue of its phenotypic effect on the expression of the pericarp pig-
mentation, the transposon was named as Candystripel (Csl) (Chopra et al. 1999).
It is a member of the CACTA family of plant transposable elements, which has been
suggested to be an important vector for reshuffling sorghum exons and genes, similar
to PACKMULEs in rice and Helitrons in maize (Paterson et al. 2009b).

Of several members of this family, the En/Spm element of maize has been best
understood at the genetic and molecular levels. It was originally identified as
Enhancer (En) (Peterson 1960) and was shown to be homologous to the Suppressor—
Mutator system (Spm) (McClintock 1954) by genetic and molecular tests (Pereira
et al. 1986; Peterson 1965). Besides maize, CACTA elements have been character-
ized from several other plant species.

3.2 Structural Features of Candystripel Transposon

Cs1 has features similar to those of other members of the CACTA family: a short
terminal inverted repeat (TIR) sequence 5'-CACTATGTGAAAAAAGCTTA-3',
and these termini are flanked by 3-bp target site duplication. Subterminal regions,
250 bp interior to the TIR, contain multiple copies of direct and indirect repeats.
A 12 bp partially conserved sequence motif [5'-TTATTACAGACG-3'] is repeated
eight and six times, respectively, in the 5’- and 3'- subterminal regions. Sequences
similar to the subterminal repeat motif are also present at seven sites in the central
region of the Cs/ transposon. Interspersed within the Cs/ element are other tandem
repeats as well as several copies of High Copy Short interspersed Repeats (HCSRs).
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Several of these repeat sequences have high similarity (up to 95%) to an Sb1 Tourist
element of sorghum as well as to other Miniature Inverted Repeat Transposable
Elements (MITEs) (Wessler et al. 1995). Transposable elements of the CACTA
family are relatively large (En/Spm: 8.2 kb, Tamli: 15.1 kb) (Gierl 1996); the
23,018 bp Csl element is the largest known member of this family. The Cs/ copy
present at the y/ locus is an autonomous element (Zanta et al. 1994). Recent
sequence analysis of sorghum genome has shown the presence of deletion deriva-
tives of CACTA elements that carry pieces of other genes (Paterson et al. 2009a).

3.3 Transposition and Reinsertion of Csl

Csl-Y1 offers a unique genetic system to study biology and function of Cs/ trans-
posons in sorghum. The y/-cs allele can revert to a functional state (Y/-rr; red peri-
carp and red glumes; see Fig. 8.2) in both somatic and germinal tissues, resulting in
the appearance of frequent red sectors and fully red seed heads, respectively.
Germinal reversions lead to a heritable and functional y/ gene, while somatic rever-
sions are not heritable and their frequencies vary within the progeny and depend on
the transposition rates of the Cs/ element in a tissue and genetic background (Chopra
et al. 2002; Zanta et al. 1994). Full red revertants (plants producing red panicles)
appear at a frequency ranging between 12 and 20% in a growout of the homozygous
yI-cs line or crosses involving y/-cs allele with sorghum inbreds having different
backgrounds (Carvalho et al. 2005; Chopra et al. 1999; Zanta et al. 1994). Reinsertion
of the excised Csl/ elsewhere in the genome was identified in full red head plants
(Y1/Y1 or Yi/yl-cs) derived from excision of the Cs/ element from the y/-cs.
Furthermore, PCR amplification of DNA from several independent red revertant
plants using flanking primers showed that the Cs/ element excised from the y/ gene
and left a 2 bp footprint (Chopra et al. 1999).

3.4 Csl Can Generate Large Deletions in the Flanking
Sequences

When the Cs/ element excises from the host sequence, the majority of excision
events leave a 2-bp footprint. For example, Cs/ is inserted into intron II of the y/
gene, and 2-bp footprints do not affect Y 1-reading frame or intron splicing and thus
lead to the normal function of the gene. These excisions do produce germinal red
revertants with a frequency of about 20% (Carvalho et al. 2005). However, screens
for germinal excision events resulted in identification of loss of y/ function alleles
(Ibraheem et al. 2010). Through DNA gel blot analysis, these excision events were
found to contain partial deletions in the y/ gene and of the Cs/. The mechanism of
deletions in the Cs/ and the flanking y/ DNA sequences is not yet clear. In addition
to finding deletion derivatives, collection of several y/-cs alleles with different
degrees of variegation demonstrates alleles with differential excision activities
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during plant growth and development. These alleles can be attributed to somatic or
germinal excision of the Cs/ element from the y/ locus. Characterization of these
alleles may allow answering the question of excision mechanism(s) of the Cs/
transposon as has been demonstrated in the case of maize Ac at the p/ locus (Peterson
1990). Genetic and molecular analysis of these alleles will establish multiple copies
of the element (because of linked or short-range transposition) that may be produc-
ing a negative dosage effect which in turn may be responsible for silencing leading
to variable degrees of transposition (Dooner and Belachew 1991).

3.5 Genome Mutagenesis Utilizing Cs1 in Sorghum

CsI-homologous sequences are present at low copy number in sorghum (Chopra
et al. 1999). The low copy number combined with high transposition frequency of
Cs1 implies that this transposon could prove to be an efficient gene isolation tool in
sorghum. Additionally, there are at least 12 copies of the defective Cs/ elements in
sorghum. As opposed to the full-length sequence of the autonomous Cs/ elements,
the defective elements range in size from 400 bp to 4.0 kbp. Sequence analysis of
these deletion derivatives (dCs2, dCs3, and dCs4) showed that 200 bp on the 5’
end and up to 150 bp at the 3’ end are conserved, while each copy carries varying
lengths of internal deletions (Carvalho et al. 2005). Another interesting feature of
Csl is that its transposition appears to be sensitive to environmental conditions.
Transposition of the Antirrhinum Tam3 element is sensitive to temperature, and this
provides a means to control the frequency of transposition (Harrison and Fincham
1964). Further, effect and analysis of the flanking genomic sequences to investigate
the genomic context of Cs/ elements is underway.

3.6 Characterization of Selected Csl1 Induced Mutations

A sorghum line (CS8110419) with moderate activity of Cs/ was crossed with an
agronomically well-adapted line Tx2737 and this cross was characterized further. In
the F, generation, plants were selfed and their DNA was used to test for transposon
excision and insertion activities. All randomly selected F, plants showed polymor-
phic patterns for transposon insertions that were different from the either of the two
parental lines. All F, plants were maintained by selfing until the F, generation
(Carvalho et al. 2005). In each generation, red revertant as well as candystripe plants
were saved. Red revertant plants were further used for molecular and genetic analy-
sis to molecular and genetic analysis to follow excision and reinsertion of the Cs/ in
the genome. Simultaneously, any mutant phenotypes were also saved and character-
ized in further generations. Segregating families showing mutant/wild-type pheno-
types were further selected for gene identification and isolation work using Cs/ as
a tag (Fig. 8.3). Isolation of gene(s) tagged with a Cs/ element will provide the
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Fig. 8.3 Candystripe tagged putative mutants. (a) Zebra crossbands; (b) oldgold; (¢) bloomless —
mutant indicated with a red arrow and compared with the w-t plant on the left; (d) wilty; (e) yellow
green; (f) lession mimic; (g) brown midrib; (h) striate leaves; (i) dwarf; (j) iojap striping; (K) vires-
cent; (1) third leaf yellow; (m) premature senescence

ultimate proof of its ability as a transposon tag in sorghum. Sequences isolated from
these mutants will be mapped onto the sorghum genetic map to enrich the map with
respect to phenotypic markers. Additionally, genes identified through this approach
will be of interest in sorghum improvement programs utilizing genetic information
for lignin biosynthesis (bmr mutations), drought tolerance (bloomless mutations),
and disease resistance (wilty and lesion mimics). Results based on the analysis of
these putative mutants have further strengthened the use of the Cs/ element in gen-
erating and selecting non-targeted insertions. Developing a two-element system in
sorghum also seems feasible and efforts have been focused on this aspect. Two-
element systems have proven successful both as endogenous (Ac/Ds or En/dSpm in
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maize) and heterologous systems (En/dSpm in Arabidopsis). To find the reporter
dCs element that functions in the presence of the autonomous Cs/, we have recently
recovered an anthocyanin phenotype in the endosperm.

4 Perspective

The sorghum genome sequence together with its rich genetic resources (see
Kresovich et al. Chap. 2, this volume) and cost-effective sequencing technology
makes us rethink how to use these resources and technology for research. TILLING
and EcoTILLING can mine induced mutations and natural sequence variation,
respectively, within a species (Barkley and Wang 2008; Barkley et al. 2008; Comai
et al. 2004). As sequence technology becomes increasingly cost-effective, it may
become reasonable to sequence hundreds or more sorghum germplasm accessions
as references for mining natural sequence variation. These unmutagenized and
sequenced germplasm accessions can also be used as references for TILLING. An
EMS-induced sorghum mutant population has been generated and used in the sor-
ghum community (Xin et al. 2008). To broaden the mutational spectrum available,
more sorghum mutagenized populations need to be generated by using different
kinds of mutagens including irradiation. In the near future, TILLING by sequencing
pooled mutant lines, known as SequeTILLING, will become a reality as new high-
throughput and cost-effective sequencing technologies are developed (Weil 2009).
A high-quality mutant library with well-annotated phenotypes and efficient pooling
strategies will make SequeTILLING a very powerful approach for mutation
identification.
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Chapter 9
Association Genetics Strategies and Resources

Jianming Yu, Martha T. Hamblin, and Mitchell R. Tuinstra

Abstract Genomic technologies are making it possible to strategically exploit
genetic diversity in crops to map complex agronomic and physiological traits and
improve these traits for grain and biomass production. Sorghum is well positioned
to benefit from these association genetics strategies, and essential components of
association mapping have been established. Research in sorghum association map-
ping contributes to a better understanding of genetics of complex traits and improved
breeding methods to exploit genetic diversity.

Keywords Association mapping * Candidate gene  Complex trait dissection
* Genetic diversity ® Genome-wide association study ¢ Linkage disequilibrium ¢ Nested
association mapping * Single nucleotide polymorphism ¢ Sorghum diversity panel

1 Association Genetics

Many genetic mapping studies in plants have been conducted with recombinant
inbred line (RIL) populations from a biparental cross because it is easy to maintain
these populations for replicated trials (Bernardo 2008; Holland 2007). In contrast,
association genetics has been implemented extensively in human genetics studies,
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partly because of the early adoption of large-scale genotyping strategies and the
necessity of exploiting population-based samples for studying complex human dis-
eases. However, widespread use of single nucleotide polymorphism (SNP) markers
and the reduced cost of sequencing and genotyping have led researchers working
with different plant species to adopt association mapping and the underlying link-
age disequilibrium (LD) approach (Zhu et al. 2008).

Here we briefly introduce the concept of linkage analysis and association mapping.
Readers should refer to other detailed reviews for a full explanation (Flint-Garcia
et al. 2003; Nordborg and Tavare 2002; Risch and Merikangas 1996; Zhu et al. 2008).
In essence, both linkage analysis and association mapping strategies are designed to
identify marker—trait association signals that result from co-inheritance of functional
polymorphisms and neighboring DNA variants (markers). In linkage analysis in
plants, the signals are typically generated by co-inheritance within a segregating pop-
ulation. This segregating population starts with the cross of two homogenous inbred
parents and contains one or more generations of recombination. Association mapping
is aimed at detection of marker—trait association signals within a broad collection of
accessions—natural populations, landraces, breeding lines, or a combination of these.
The reasoning behind this approach is that historical recombinations and genetic
diversity captured in this collection would allow fine map resolution because any
markers that are not tightly linked to true functional polymorphisms would not gener-
ate any strong signals (Risch and Merikangas 1996; Zhu et al. 2008).

2 Association Genetics in Plants

Several recent review and perspective papers have documented the current status of
association mapping and pointed out challenges that need to be addressed in plants
(Myles et al. 2009; Nordborg and Weigel 2008; Zhu et al. 2008). Nevertheless,
because genome sequence projects have been completed for the model plant species
Arabidopsis (The Arabidopsis Genome Initiative 2000) and several major crops,
including rice (Goff et al. 2002; Yu et al. 2002), sorghum (Paterson et al. 2009),
maize (Schnable et al. 2009), and soybean (Schmutz et al. 2010), and because
genomes of many other plants are being sequenced, association genetics, both as a
general strategy in complex trait dissection and as a complementary approach to
other existing tools, is expected to attract further attention.

A recent review documented association genetics studies in plant species such as
maize, Arabidopsis, sorghum, wheat, barley, potato, rice, loblolly pine, sugarcane,
eucalyptus, and perennial ryegrass (Zhu et al. 2008). Association mapping panels in
different crops have been established as community resources, and findings from
these studies are promising. Regardless of the degree of LD in mapping panels of
different crops—for example, fast decay in diverse maize lines in thousands of base-
pairs (Yu and Buckler 2006) or slow decay in wheat breeding lines in centimorgans
(Sorrells and Yu 2009)—association genetics has been embraced as a powerful
addition to the genetic analysis toolbox.
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Fig. 9.1 General procedures of association mapping and highlights of different steps

2.1 Association Mapping Procedures

General components of association mapping include germplasm, genotyping,
phenotyping, and analysis (Fig. 9.1) (Zhu et al. 2008). Unlike linkage mapping,
association mapping usually involves assembling a collection (or population but
without referring to segregating populations) of ready-to-measure accessions or
lines rather than developing an F,, BC, or RIL population. A newer strategy that
combines features of association mapping with diverse lines and linkage analysis
with segregating populations will be introduced in Sect. 2.4.

Genotyping in association mapping also represents a significant departure from
traditional linkage analysis. The marker density requirement for a robust analysis is
generally much higher for association mapping than for linkage analysis even
though low-density genotyping with random markers across an association map-
ping panel mimics the genotyping process of traditional linkage analysis with an F,,
BC, or RIL population. For association mapping, such effort is primarily geared
toward assessing population structure and genetic relatedness of a collection by
examining the marker information collectively (Yu et al. 2009), not toward testing
these markers individually for marker—trait association unless a very significant
number of markers are used (Zhu et al. 2008). As we explain in the next two sec-
tions, markers to be tested for marker—trait association could be from candidate
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genes, regions implicated in previous linkage mapping studies, or a large number of
markers across the whole genome.

A well-designed association panel will have extensive phenotypic diversity.
Phenotyping of such diverse materials is challenging given the broad variation in
photoperiod sensitivity, flowering time, and market type and other existing differen-
tiation within the collection (Myles et al. 2009; Zhu et al. 2008). As a result, field
design, appropriate blocking, timing of record taking, data analysis, and interpreta-
tion of results all demand more effort. Data analysis for association mapping
involves (1) marker data analysis such as population structure (Q), relative kinship
(K), principal component analysis (P), or multidimensional scaling analysis (M);
(2) trait data processing such as multiple environment data analysis; (3) model testing
for appropriate models (i.e., Q, P, M, K, QK, PK, and MK); and (4) marker—trait
association testing. Readers should refer to recent research and review articles for
detailed information on algorithms and software packages that are commonly used
in plants (Bradbury et al. 2007; Yu et al. 2006; Zhu et al. 2008).

2.2 Candidate Gene Association Mapping

In association mapping, candidate genes or regions can be targeted on the basis of
metabolic and biochemical pathways, mutational studies, linkage analysis results,
and genome sequence annotations from either the species of interest or relevant
models (Zhu et al. 2008). This is a trait-specific, hypothesis-driven approach. As we
stressed in Sect. 2.1, an adequate number of background markers need to be geno-
typed and analyzed for population structure and relative kinship to ensure that tests
of candidate gene SNPs are valid. Recent examples of candidate gene association
mapping include carotenoids in maize (Harjes et al. 2008; Yan et al. 2010) and eating
and cooking properties in rice (Tian et al. 2009). In these studies, well-characterized
pathways provided excellent starting points for candidate gene selection.

2.3 Genome-Wide Association Study

Association mapping can be conducted by genotyping all individuals with tens of
thousands of SNPs instead of focusing on candidate genes or regions. Genome-wide
association studies have been extensively conducted to dissect the genetic causes of
complex human diseases for many years (Manolio et al. 2009; Wang et al. 2005).
But for plants, Genome-Wide Association Study (GWAS) at a decent scale have
been completed only in the model plant species Arabidopsis (Atwell et al. 2010;
Zhao et al. 2007). Genome-wide association studies represent an important advance
from candidate gene studies or family-based linkage studies. Large-scale GWAS
typically validate findings of previously identified genes and generate new signals
and hypotheses for further investigation. However, results from GWAS have also
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raised some concerns about the potential limitation of association mapping, termed
“missing heritability.” The classic example of missing heritability is the mapping of
human height (Manolio et al. 2009). Forty loci have been implicated in controlling
adult height variation, but together they explain only 5% of phenotypic variation
even though the estimated heritability of this trait is about 80% (Visscher 2008).
Potential causes of this problem include rare allele frequency, epistasis, sample size,
structure variants, and the interaction between genotype and environment. Strategies
and methods in GWAS are evolving to address these concerns. It is still too early to
know whether GWAS in plants will be subject to the same concerns.

2.4 Nested Association Mapping

Nested association mapping (NAM) is a special case of joint linkage and linkage
disequilibrium mapping and is well suited for many plant species (Yu et al. 2008).
The essence of NAM is to combine the merits of linkage analysis with designed
populations and association mapping with assembled germplasm. First, a set of
diverse inbred lines is selected as founders and crossed according to genetic designs
(e.g., Reference Design, Design I, Design I, Diallel, Single Round Robin, or Double
Round Robin). Then, RIL are developed from each cross. Genotyping the founders
and RIL with a smaller set of tagging markers makes it possible to track the recom-
bination of chromosome segments. Further, genotyping the founders with a much
larger set of markers permits this marker information to be projected onto the tagged
chromosome segments of the RIL. Finally, the projected marker data are combined
with the phenotype data of the RIL for high-resolution mapping (Yu et al. 2008).
NAM is considered a major tool for next-generation genetics (Nordborg and Weigel
2008). Multiple-family analysis of maize NAM populations provided tremendous
power and precision in revealing the multigene nature of flowering time (Buckler
et al. 2009; McMullen et al. 2009).

3 Resources and Examples in Sorghum Association Genetics

Over the past decade, several groups have created resources for association map-
ping in sorghum. These resources include carefully selected, diverse germplasm
collections characterized for population structure on the basis of variation at
genome-wide molecular markers as well as experimental mapping populations for
joint linkage and linkage disequilibrium studies. Thanks to collaborative efforts
among some of these groups, very valuable germplasm and marker resources are or
will soon be publicly available for sorghum, opening the door to the integrated study
of sorghum and maize and allowing incorporation of new genetic resources into
sorghum breeding programs.
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Fig. 9.2 Short-range linkage disequilibrium (r?) as a function of distance. Data were pooled from
six unlinked regions (Hamblin et al. 2005)

3.1 Linkage Disequilibrium in Sorghum

The extent of linkage disequilibrium is a key factor in the design and implementa-
tion of association genetics strategies. Given sorghum’s lower estimates of sequence
variation, which implies a smaller effective population size, as well as its predomi-
nately self-pollinating mating system, LD in sorghum was expected to be more
extensive than in maize (Hamblin et al. 2004). This expectation was confirmed in
several studies that used resequencing data from diverse sorghum lines and showed
strong LD between sequence polymorphisms (i.e., SNPs) within gene-sized regions.
An early study examined LD within six unlinked regions ranging in size from 40 to
100 kb and estimated the population recombination parameter, 4N r, also called p
(Hamblin et al. 2005). This parameter is useful because it summarizes LD across
an entire region and has an expected relationship with the important parameter r:
E[r* ]=1/(1+4N r). Estimates of p corresponded to expected r* values ranging from
0.14 to 0.71 for loci 10 kb apart with an average expected > value of 0.25. At a
distance of 1 kb, the average expected 7> value was close to 0.8.

Although expected values provide useful information, it is critical to realize that
there is tremendous variation in LD patterns across the genome. This is especially
true in sorghum, a species that has recently experienced demographic events (e.g.,
domestication) that have dramatically perturbed its patterns of variation (Hamblin
et al. 2006). Furthermore, the domestication bottleneck has had the effect of creat-
ing perfect LD (i.e., *=1) for sets of SNPs that have different mutational histories.
For sets of SNPs that are closely linked, there has not been sufficient recombination
to break up those haplotypes (Fig. 9.2).
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Fig. 9.3 Patterns of linkage disequilibrium vary for different genome regions. (a) Starch synthase
IIT (Sb07g005400), 10 kb span; (b) debranching enzyme (Sb06g001540), 12 kb span; and (c)
glucose phosphate transferase (Sb07g005200), 3 kb span. Figures were made in Haploview (Barrett
et al. 2005). Color indicates the value of r* (white =1low, black=high)

In another study, 15 genes in the starch metabolism pathway were sequenced in
23 lines, mostly diverse cultivars (Hamblin et al. 2007). Within 11 genes that each
spanned up to 12 kb, more than 40% of SNP pairs were significantly associated at
the 0.05 significance level. Haplotype structure was strong in most genes, and
recombination was evident only in five genes. However, LD patterns varied widely
across these regions (Fig. 9.3). In a similar study conducted to survey variation in
six genes in a much larger number of lines (N=129-184), little evidence of recom-
bination was found (de Alencar Figueiredo et al. 2008).

The euchromatic regions in sorghum, which account for 97% of the genetic
map, total about 252 Mb in length (Paterson et al. 2009). These LD studies suggest
that a marker density for GWAS in diverse sorghum of 1 per kb in euchromatic
regions, or about 250-300k SNPs, should be adequate. On the other hand, rese-
quencing studies have revealed that there are regions in the genome where no com-
mon SNPs occur over distances of several thousand basepairs or greater. In these
regions, which either have experienced selection or simply contain low variation
because of genetic drift, we will have limited ability to identify genetic markers and
subsequent marker—trait association signals. This is also true for centromeric
regions.
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3.2 Sorghum Diversity Panels

In recent years, several papers have been published that report the collection and
characterization of diverse sorghum germplasm collections designed explicitly for
use in association genetic studies. The Centre de Coopération Internationale en
Recherche Agronomique pour le Développement (CIRAD) assembled a core col-
lection of 210 landraces that are representative of race, latitude of origin, response
to day length, and production system and characterized them with restricted frag-
ment length polymorphism (RFLP) probes (Deu et al. 2006). These lines represent
a subset of a larger collection that was developed by the Generation Challenge
Program (GCP).

A collaboration of US institutions assembled a collection of 377 accessions that
represent species-wide diversity for panicle architecture and other morphological
features (Casa et al. 2008). To facilitate phenotypic characterization in temperate
regions, this collection was purposely assembled with accessions from sorghum
conversion program and lines of historical importance in sorghum breeding. The
whole collection was characterized with 47 simple sequence repeat (SSR) markers.
Although the population structure is specific to the particular composition of the
population, the general patterns of population structure identified in these two stud-
ies were similar. As expected, the genetic clusters correspond to the geographic and
racial groupings identified in many diversity studies.

While population structure in sorghum is not strong in comparison with other
self-pollinating crops like barley and rice, it is sufficient to generate modest levels
of long-range LD due to admixture in panels of diverse lines, which can lead to
spurious associations with phenotypes. Preliminary analysis of the US sorghum
diversity panel indicated that current mixed-model methodology, accounting for
both population structure and relative kinship, can adequately control for the level
of population structure present in these panels (Casa et al. 2008).

A GCP-funded consortium studying genetic factors underlying drought and alu-
minum tolerance in sorghum is using a combined panel that includes most of the
lines from the CIRAD and US panels. This consortium, led by researchers at the
United States Department of Agriculture (USDA) and the Empresa Brasileira de
Pesquisa Agropecudaria (EMBRAPA) (Brazilian Enterprise for Agricultural
Research), is also developing markers to carry out a GWAS (see Sect. 3.5). Initial
genotyping with a low density of SNP markers is sufficient to find only a tiny frac-
tion of QTL; however, LD studies with these marker sets are beginning to provide a
detailed view of LD in this set of germplasm, revealing how many more markers
will be necessary for whole genome coverage. This higher coverage will likely be
obtained through genotyping-by-sequencing technology rather than array-based
SNP genotyping technology.

The combined CIRAD-US panel of 480 lines will be made publicly available
through the Germplasm Resources Information Network (GRIN), the USDA ger-
mplasm system (the US panel is already available as Sorghum Association Panel).
Marker data for each line will also be made publicly available, providing a
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resource for further association studies of the wide phenotypic variation captured
in this collection.

A research group in Japan has also assembled a sorghum collection from 3,500
sorghum lines preserved at Genebank, National Institute of Agrobiological Science
(NIAS), Japan. These lines are primarily from Asian and African sources. From an
initial set of 320 lines selected on the basis of geographic distribution, 107 were
chosen on the basis of diversity at 38 SSR markers (Shehzad et al. 2009b). Because
this core collection is drawn from such a small germplasm collection (the US and
CIRAD panels are both drawn from collections of more than 36,000 accessions)
and the final size is also smaller than the US and CIRAD panels, the reduced diver-
sity level in this NIAS panel is not unexpected. Structure analysis suggested that the
NIAS lines came from three subpopulations, whereas the CIRAD and US popula-
tions appear to form nine or ten clusters. Although the NIAS population is quite
small and LD is not especially extensive, QTL for 12 morphological traits were
detected (Shehzad et al. 2009a).

Finally, the International Crops Research Institute for the Semi-Arid Tropics
(ICRISAT) has developed a sorghum mini core collection of 242 accessions that can
potentially be used for association mapping (Upadhyaya et al. 2009). This mini core
collection was selected from a core collection of 2,247 accessions with phenotypic
data measured for 11 qualitative traits and 10 quantitative traits. Genotyping the
mini core collection and the core collection and extensively phenotyping the mini
core collection would be the next steps toward using the diversity captured in these
collections and inferring marker—trait associations.

3.3 Sweet Sorghum Diversity Panel

There is an emerging emphasis on using sorghum as a dedicated bioenergy crop
(Carpita and McCann 2008; Rooney et al. 2007), and two sweet sorghum diversity
panels have been studied (Murray et al. 2009; Wang et al. 2009). In the first study, a
panel of 125 sorghum accessions was genotyped with 47 SSRs and 322 SNPs and
phenotyped for brix and plant height (Murray et al. 2009). Population structure
analysis indicated this panel contains three major groups of sorghum accessions:
historical and modern syrup, modern sugar/energy types, and amber types. In the
second study, 96 sweet sorghum accessions, an initial sample from the US historic
sweet sorghum collection, were genotyped with 95 SSRs and phenotyped for
flowering time, plant height, and brix (Wang et al. 2009). Although molecular
marker analyses revealed weak population differentiation among these 96 acces-
sions, the combined assessment and model testing of these three phenotypes dem-
onstrated that this sweet sorghum panel can be classified as a type II association
sample with a low level of relatedness (Zhu and Yu 2009). Genotyping experiments
that include additional accessions from the US historic sweet sorghum collection
are currently being conducted to expand these efforts.
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3.4 Sorghum NAM Panel

On the basis of results from population structure analysis of 377 sorghum accessions
using 47 SSR markers (Casa et al. 2008) and breeders’ knowledge about these
accessions, 10 diverse founders (SC283, SC1103, Segaolane, Macia, SC35,
Ajabsido, SC971, SC265, SC1345, and P§98012) were chosen from different sub-
populations and crossed to the common parent, RTx430, to create the sorghum
NAM population (Table 9.1). From each cross, 200 RIL were derived to form a
sorghum NAM panel with 2,000 RIL (Fig. 9.4). A complementary set of RIL were
planned to be derived from the crosses of the common parent Tx623 with ten differ-
ent diverse founders (WL Rooney, personal communication). Each of these lines
represents a subgroup identified for the sorghum diversity panel (Casa et al. 2008).

Tx430 (Miller 1984) has been widely used as a pollinator parent to produce sor-
ghum hybrids in the USA; it is amenable to genetic engineering though both micro-
projectile bombardment and Agrobacterium approaches. Segeolane is a
drought-tolerant kafir-type sorghum from Southern Africa (Gowda et al. 2009).
Macia is a food-grade sorghum cultivar developed and selected in Tanzania for its
early maturity characteristics and excellent taste attributes. Macia is high yielding
and possesses preferred traits such as cooking quality and malt production charac-
teristics for use in brewing (Bucheyeki et al. 2010). SC35 is drought resistant and
has been used as a staygreen trait donor in sorghum breeding programs in the USA
and Australia. Ajabsido is from Sudan and possesses excellent pre-flowering drought
tolerance (Gowda et al. 2009). P898012 is well adapted to production environments
in Niger and Sudan; it has both pre-flowering and post-flowering drought resistance
and is amenable to transformation by both microprojectile bombardment (Casas
et al. 1993) and Agrobacterium (Zhao et al. 2000). SC283 is a conspicuum-type
sorghum from Tanzania and it expresses excellent tolerance to acid soils and alumi-
num toxicity (Bernai and Clark 1998). The rest of the NAM parents (SC1103,
SCI971, SC265, and SC1345) are from the sorghum conversion program but have
not been well documented in literature.

3.5 SNP Genotyping Array

Using SNPs discovered in Sanger resequencing studies of more than 300 loci in
samples of 16-30 sorghum accessions, Hamblin (unpublished) designed 384-SNP
genotyping assays using the [llumina GoldenGate platform. These SNPs represented
about 220 loci including several candidate genes each with several SNPs. More than
80% of the assays were successful. These data have been used in candidate gene-
based association studies of stem sugar (Murray et al. 2009) and endosperm carote-
noid content (Salas-Fernandez, unpublished) and in a study of population structure
(Brown and Myles, unpublished).

The GCP consortium and the Sorghum Translational Genomics Program at
Kansas State University worked collaboratively to discover additional SNPs and
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develop a genotyping platform with higher density. Through this effort, Solexa
sequencing of reduced representation libraries from 14 sorghum accessions, includ-
ing the sorghum NAM parents, was used to discover about 34,000 high-quality,
non-singleton SNPs. Discovery of SNPs in sorghum is less problematic than in
maize because of the much lower level of gene duplication; most SNPs called in this
analysis aligned to unique locations in the genome.

A genotyping array with 1,536 SNPs was designed to achieve maximal genome
coverage (Fig. 9.5). Aside from the centromeric regions, which are very poorly rep-
resented in the SNP data, the average distance between SNPs is about 400 kb. The
480-line CIRAD-U.S. panel has been genotyped with these 1,536 markers. Much of
the sorghum genome will need a much higher density of markers if we are to detect
genes of modest effect underlying complex traits. This will be likely accomplished
by genotyping-by-sequencing, which is quickly becoming much more cost-effective
than SNP genotyping platforms such as the GoldenGate assay.

3.6 Examples of Sorghum Association Mapping

Using the US sorghum diversity panel, Brown et al. (Brown et al. 2008) examined
dwarfing gene Dw3 for its association with reduced lower internode length and
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elongated apex. Fine mapping of an additional dwarfing QTL, which showed
epistatic effect with Dw3, successfully narrowed the region to approximately
100 kb. In another recent study, several genomic regions associated with brix and
plant height were identified (Murray et al. 2009). However, the marker density in
that study (47 SSRs and 322 SNPs) was still low. Further genotyping and analysis
would provide additional evidence for the detected signals.

4 Opportunities and Challenges

Essential components for carrying out large-scale association mapping studies in sor-
ghum are in place. First, several diversity panels have been established and character-
ized with low-density background markers. Second, various research groups have
resequenced additional sorghum accessions for SNP discovery. There is no foresee-
able obstacle to obtaining hundreds of thousands of SNPs for genome-wide scans for
multiple traits. Genotyping arrays with different marker densities have been devel-
oped, and the density is expected to increase. In addition, genotyping-by-sequencing
may soon become practical for these sorghum diversity panels. Third, our under-
standing of association mapping panels and analysis methods has significantly
increased because of earlier empirical studies in LD and association mapping.
Phenotyping, however, remains a major challenge, especially for agronomically
important traits. Obtaining robust phenotypes (e.g., abiotic and biotic stresses) for a
large number of accessions requires multiple environmental trials, long-term com-
mitment, and stable funding for a concerted research consortium. Association map-
ping is multidisciplinary in nature and could be difficult to implement in small
research programs; many aspects of this approach deserve further attention.
Fortunately, preliminary efforts have been made to address the adequacy of
background markers for estimating population structure and relative kinship
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(Yu et al. 2009), variation explained with mixed-model association mapping
(Sun et al. 2010), and computational efficiency in large-scale, genome-wide studies
(Zhang et al. 2010). As we move toward GWAS, the question of missing heritability
may emerge. Quantitative genetics has played a critical role in developing plant and
animal breeding methods and provides a natural framework for dissecting complex
traits with high-throughput technologies. Modifying and adapting classic quantita-
tive genetics and population genetics models and combining genomic technologies
with genetic designs and experimental designs will help us find those missed heri-
tabilities. Ultimately, association genetics is an additional strategy that needs to be
combined with existing and emerging strategies to realize the full potential of ultra-
high-throughput genomic technologies in crop improvement (Yu 2009).
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Chapter 10
Sorghum Transformation: Overview and Utility

Tejinder Kumar, Arlene Howe, Shirley Sato, Ismail Dweikat,
and Tom Clemente

Abstract Over the past decade genomics resources available for sorghum have
rapidly expanded (Paterson Int J Plant Genomics 2008:6, 2008), these resources,
coupled with the recent completion of the genome sequence which is relatively
small in size (730 Mb) (Paterson et al. Nature 457:551-556, 2009) makes sorghum
a rather attractive species to study. Moreover, the USDA germplasm system main-
tains 42,614 accessions, of which more than 800 exotic landraces have been con-
verted to day length-insensitive lines to facilitate their use in breeding programs. In
addition, a set of EMS mutation stocks developed by the USDA Plant Stress and
Germplasm Development Unit in Lubbock, TX (Xin et al. Bioenerg Res 2:10-16,
2009) will be a valuable resource for functional genomics studies in sorghum.
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However, in order to be a robust system for study a suite of functional genomics
tools are necessary to complement these other resources to aid in down-stream
hypothesis testing. A key functional genomics tool is the ability to modulate gene
expression through the introduction of transgenic genetic elements. This is
exemplified by recent work (Cook et al. Plant Cell 22:867-887, 2010) in which
RNAI experiments were employed to specifically reduced expression of two alkyl-
resorcinol synthases to demonstrate their role in the synthesis of the allelopathic
molecule sorgoleone. In addition to its value as a functional genomics tool, plant
transformation offers a route to broaden access to novel input and output traits for
sorghum breeding programs.

Keywords Agrobacterium tumefaciens * Transformation ¢ npt II * Biotechnology
* Sorghum ¢ Genetic engineering

1 Sorghum Transformation

In general plant transformation can be partitioned into two components: compe-
tence of a cell for culture regeneration into a whole plant and receptiveness of that
same cell for foreign DNA integration. In sorghum, like most monocotyledonous
plants, in vitro culture regimes are primarily somatic embryogenesis based systems
(Elkonin and Pakhomova 2000; Jogeswar et al. 2007; Kaeppler and Pedersen 1996;
Pola et al. 2008; Pola and Mani 2006; Sato et al. 2004a). As per the second compo-
nent of plant transformation, integration of genetic elements, sorghum has been
successfully transformed using both direct DNA delivery methods (Battraw and
Hall 1991) and Agrobacterium-mediated transformation protocols (Cai et al. 2002;
Gao et al. 2005a, b; Gurel et al. 2009; Howe et al. 2006; Nguyen et al. 2007; Zhao
et al. 2000). While both DNA delivery systems are proven technologies for recovery
of stable sorghum transformants, more laboratories are moving towards implement-
ing the latter due to the tendency of Agrobacterium-mediated transformants to carry
lower copy number insertions and/or have a higher frequency of coexpression of the
nonselected transgenic cassette (Dai et al. 2001; Gao et al. 2008; Zhao et al. 1998).

While multiple explants have been evaluated as the starting material for sorghum
transformation, clearly the primary explant reported on is immature embryos. One
of the factors that have hampered transformation efficiencies of sorghum with the
immature embryo explant is the rapid production of phenolic compounds. Phenolics
are produced during the in vitro culturing of sorghum immature embryos, but the
production of these secondary metabolites is enhanced upon inoculation with
A. tumefaciens. To alleviate the negative effects of phenolics on sorghum transfor-
mation media supplements such as polyvinylpolypyrrolidone (PVPP) (Cai et al.
1987), and elevation of potassium phosphate levels (Elkonin and Pakhomova 2000;
Sato et al. 2004a), or the exposure of explants to reduced temperature (Nguyen et al.
2007) have been shown to be able to reduce, but not totally eliminate the negative
impact of these compounds. Triggering of the plant’s defense response upon
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challenge with A. tumefaciens may lead not only to the production of secondary
metabolites, but also to cell death, which can further hamper the efficiency of recov-
ery of transgenic plants. For example in banana the triggering of apoptosis by A.
tumefaciens can be effectively countered by the expression of antiapoptotic genes
(Khanna et al. 2007). While such a strategy has not been evaluated in sorghum, a
heat shock pretreatment, which was previously reported to counter apoptosis in
banana embryogenic callus, leading to improved transformation efficiency (Khanna
et al. 2004), has recently been shown to be a translatable technique using sorghum
immature embryos (Gurel et al. 2009).

Key to any transformation system is the ability to rapidly, and efficiently distin-
guish transgenic differentiating cells from nontransgenic cell lineages. Two means
typically used to differentiate transgenic from nontransgenic cell lineages are the
use of visual or selectable marker genes. In sorghum the visual marker genes green
fluorescent protein (gfp) and B-glucuronidase (GUS) are each effective in monitor-
ing for transgenic cells (Jeoung et al. 2002). Using the former visual marker Gao
et al. (2005a) reported a 3.0% transformation efficiency as means to monitor for
transgenic differentiating cell lineages from immature embryos of sorghum.

Selectable marker genes used to provide a competitive edge in culture for plant
transformation systems typically rely upon providing resistance to antibiotics, such
as hygromycin (Gritz and Davies 1983), and the aminoglycoside kanamycin, or
various derivatives thereof (Fraley et al. 1983) or tolerance towards herbicidal agents
glyphosate (Barry et al. 1992) and glufosinate (Thompson et al. 1987). In addition
the positive selectable marker gene phosphomannose isomerase (PMI) (Joersbo and
Okkels 1996) has been shown to be a rather robust selection system for the
identification of transgenic plants (Negrotto et al. 2000), including sorghum (Gao
et al. 2005b).

1.1 Outline of an Agrobacterium-Mediated Transformation
of Sorghum Using npt 11 as a Selectable Marker Gene

As indicated above there have been multiple reports of successful transformation of
sorghum following the communicated success in 1993 (Casas et al. 1993). Outlined
below is the system reported on by Howe et al. (20006) that utilizes npt II as the
selectable marker gene, coupled with G418 a the selection agent. While the overall
transformation efficiency with this system is relatively low, typically ranging from
1 to 3%, the system is consistent, and importantly teachable with minimal training.

This sorghum transformation system relies upon immature embryos as the start-
ing material. One of the disadvantages of using this explant is the need for continual
plantings of stock plants to ensure a constant supply of immature embryos, adding
labor and cost to the system. Nonetheless, the stock plants used to supply immature
embryos are maintained under greenhouse conditions. Heads are harvested when
70% of the head have embryos ranging in size from 1.2 to 2.2 mm in length. Each
head is then excised from the plant and placed in a 1,000 ml graduated cylinder
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filled with 500 ml of 50% commercial bleach plus 250 ml of Tween 20. The cylinder
containing the sorghum head submerged in the bleach solution is mixed with a stir
bar for 20 min. Following the 20 min surface sterilization with bleach the heads are
washed three times with sterile water and allowed to air dry in laminar flow hood.
Seeds are isolated and subjected to a secondary sterilization process consisting of a
1 min soak with agitation in 70% ethanol, followed by a single wash with sterile
water, proceeded by a soak with agitation in 10% bleach solution, with a subsequent
triple wash in sterile water.

Immature embryos are isolated from 50 sterilized seeds and placed in a
35x 10 mm Petri plate containing 1 ml of coculture medium supplemented with
300 uM of acetosyringone. The coculture medium is composed of 0.5x MS major
and minor salts (Murashige and Skoog 1962), 0.5 mg/1 each of nicotinic acid and
pyridoxine HCI, plus 1 mg/l each of thiamine HCI and casamino acids. The carbo-
hydrate sources are 2% sucrose and 1% glucose and growth regulator, 2,4-D, at
2 mg/l. The medium is buffered with 3 mM MES (pH 5.2). The medium is filter
sterilized, with no components being autoclaved.

Once 50 immature embryos have been isolated the coculture medium is removed
and replaced with 1 ml of A. tumefaciens inoculum. The inoculum is an A. tumefa-
ciens strain NTL /pTiPKPSF2 (Palanichelvam et al. 2000), suspension in cocultiva-
tion medium (OD,, 0.3-0.5). Inoculation time is 5 min. Following the cocultivation
step the explants are placed scutellum side up on 100x20 mm Petri plates contain-
ing four sterile Whatman™ filter papers saturated with 4.2 ml of cocultivation
medium. The plates are incubated for 2 days at 24°C in the dark.

Following the cocultivation period the explants are cultured on delay medium
which is composed of Elkonin’s major salts (Elkonin and Pakhomova 2000), MS
minor salts and vitamin mix, 2 g/l proline, and 1 g/l asparagine. The carbohydrate
source is 3% sucrose, the medium is buffered with 3 mM MES (pH 5.7) and
solidified with 2% phytagel. To counter select against A. tumefcaiens the medium is
supplemented with 100 mg/1 carbenicillin. The growth regulator 2,4-D is used at a
level of 1.5 mg/l. Cultures are incubated at 28°C in the dark for 3 days.

The selection phase is immediately implemented following the delay period.
A total of 20 embryos are placed on to 100 x 20 mm Petri plates containing the delay
medium supplemented with 20 mg/l G418. The tissue is transferred to fresh selec-
tion medium every 2-3 weeks. As coleoptiles develop they are systematically
removed from the explants. As the embryogenic callus begins to form about the
explants the tissue is broken up into 1-3 mm pieces, with care being taken to ensure
tracking of tissue from the original explant, given the fact that most transformants
derived from the same initial immature embryo tend to be clones, and hence the best
way to track transformation efficiencies. The callus tissue remains in the selection
phase for a period of 6-9 weeks.

Following the selection phase proliferating embryogenic tissue is transferred to
regeneration medium composed of MS major/minor salts and vitamins, supple-
mented with 0.5 mg/l kinetin and 1.0 mg/l IAA. The medium is solidified with 2%
phytagel, carbohydrate level, 3% sucrose, and buffered with 3 mM MES (pH 5.7).
The selection pressure is reduced to 10 mg/l G418, and the carbenicillin level
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Fig. 10.1 Overview of
sorghum transformation
steps. (a) Sterilization step
of immature seeds.

(b) Inoculation step of
immature embryos.

(¢) Somatic embryogeneic
tissue. (d) Partitioning of
somatic embryogenic tissue
to ensure lineage tracking.
(e, f) Regeneration steps.
(g) Acclimation of plants.
(h) Transgenic sorghum in
greenhouse

remains at 100 mg/l. The cultures are placed under a 16/8 light regime at 24°C.
Typically after 4 weeks on regeneration, with one subculture at the 2-week period,
shoots with well established roots will form, that are ready to be acclimated to soil
(Fig. 10.1).
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Once acclimated the primary transformants are confirmed using a commercial
ELISA kit to monitor npt II expression (Agdia Corp.). Primary transformants are
screened to identify a minimum of two lead events for down-stream characteriza-
tions. A lead event is selected based on simple integration pattern of the transgenic
element(s), and expression of the target phenotype(s) of interest.

2 Considerations in Designing Binary Vectors
for Sorghum Transformation

An attribute of Agrobacterium-mediated transformation is that T-DNAs can be inte-
grated, albeit relatively infrequently, at unlinked positions. This ability of A. fumefa-
ciens can be exploited to derived marker-free transgenic events through the
simultaneous delivery of two T-DNAs, where one of the T-DNA elements carries the
marker gene, and the other carries gene(s) of interest. If integrated at unlinked posi-
tions, the T-DNAs, will segregate in the progeny. This strategy has been successfully
used to derived maker-free transgenic plants in a number of systems (Daley et al.
1998; Jacob and Veluthambi 2002; Komari et al. 1996; Sato et al. 2004b; Xing et al.
2000), including sorghum (Zhao et al. 2003). The integration of unlinked T-DNA
alleles in sorghum is exemplified in Fig. 10.2. Transgenic sorghum events were gen-
erated that harbored a transgenic cassette with the cyanamide hydratase (cah) gene
(Maier-Greiner et al. 1991), under control of the sugarcane polyubiquitin promoter
ubi4 (Wei et al. 2003), housed within a single T-DNA binary vector designated
pPTNI181 (not shown). A Southern blot analysis is performed using a restriction
enzyme wherein one recognition site resides within the T-DNA element, hence each
hybridization signal will reflect a single integration locus, on a subset of primary
transformants derived from pPTNI181 as shown in Fig. 10.2a. As can be seen the
event 168 carries one locus, while events 165 and 166 harbor two loci, and event 164
contains three loci. Monitoring segregation of the transgenic alleles in progeny
derived from these events revealed a 15:1 pattern for events 165 and 166, and a 3:1
pattern for events 164 and 168 (data not shown). Southern analysis on a subset of the
derived progeny is in agreement with the observed segregation patterns (Fig. 10.2b,
¢). It can be seen in the T, individuals derived from events 165 and 166 that some
individuals display the genotype of the parent, while others only carry one of the
transgenic alleles. On the other hand all T, derived from event 164 had the same
genotype as the parent, hence all alleles appear to be linked. However the single
locus event, 168, segregated as expected, with T, individuals genotyped the same as
the parent.

When implementing the tool of plant transformation for targeted output and
input traits in sorghum such as improvement in grain quality or stress tolerance,
respective, it is critical to have promoter elements with the desired specificity so to
limit the probability of negatively impacting agronomic performance that may arise
if the phenotype is misexpressed in nontarget tissues. To this end it is prudent to
verify promoter specificity if using a promoter known to be tissue specific in other
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species, before assembling cassettes for use in sorghum. For example interest in
modifying seed components of sorghum may require specific expression in the
embryo. A logical candidate promoter for desired embryo-specific expression would
be the maize globulin-1 promoter (Belanger and Kriz 1991). To evaluate whether
the glob-1 promoter specificity would translate to sorghum a GUSPlus™ (www.
cambia.org) cassette under control of the glob-1 promoter was assembled and intro-
duced into sorghum. As a constitutive control transgenic sorghum carrying a
GUSPIlus™ cassette under control of the maize polyubiquitin promoter (Christensen
et al. 1992) was used for comparison. Tissue samples were assayed over develop-
ment in T, or T, individuals, looking at GUS expression within root, leaf, stem,
glume, scutellum, and embryos. As can be seen in Fig. 10.3, embryo-specificity of
the maize glob-1 promoter does effectively translate to sorghum. While this result is
not surprising, these are data that need to be gathered to fully exploit sorghum trans-
formation as a translational genomics tool.
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Fig. 10.3 GUS expression profile observed in transgenic sorghum. Panels (a—f): Transgenic sor-
ghum event carrying the glob-1-GUS cassette showing embryo specific expression. (a) Stem sec-
tion, (b) root section, (¢) glume, (d) leaf, (e) root, and (f) seed, endosperm and embryo (blue).
Panels (g-1): Transgenic sorghum event carrying the ubiquitin-1-GUS cassette showing constitu-
tive GUS expression. (g) Stem section, (h) root section, (i) glume, (j) leaf, (k) root, and (1) seed,
endosperm and embryo

3 Target Input Traits for Sorghum Through Transformation

A critical trait for any breeding program is yield. Addressing yield directly through
transgenic approaches is a rather large challenge. A more practical and obtainable
goal in the short term is protection of yield through control of biotic and abiotic
stresses. In sorghum, like most crops, key stresses that compromise yield will vary
across regions. Sorghum production can be severely impacted by a number of insect
pests. Not only can insects impact production directly, but in some cases they can
also provide an entry for secondary pathogen attack at the site of insect feeding. The
success of the Bt technology in maize (Armstrong et al. 1995; Barry et al. 2000),
and cotton (Cattaneo et al. 2006), is a strong rationale for the evaluation of this
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technology in sorghum as a means to combat specific target insect pests. Importantly,
in addition to Bt’s direct impact in impeding insect pest feeding damage, a second-
ary effect observed with the use of this technology is a significant reduction in
accumulation of various mycotoxins in plant tissues (Abbas et al. 2008; Bakan et al.
2002; Hammond et al. 2004). This secondary attribute of the Bt technology may
serve as a valuable mechanism to limit quality issues of sorghum related to contami-
nation of these toxins that may occur under certain conditions and fungal infestation
levels (Ghali et al. 2009; Reddy and Raghavender 2008; Reddy et al. 2010). However,
like all disease resistance traits, the Bt technology needs to be used in conjunction
with proper integrated pest management practices to maximize its durability over
time (Kumar and Pandey 2008; Sharma and Ortiz 2000).

A number of viral agents have been shown to be capable of replication in sor-
ghum (Jensen and Giorda 2002), including members of the potyvirus family includ-
ing sugarcane mosaic virus, maize dwarf mosaic virus, and sorghum mosaic virus.
Limited resistance towards these viral agents has been identified within sorghum
germplasm, although some reports have been communicated (Henzell et al. 1982).
The seminal work which demonstrated introduction of viral coat protein genes in
transgenic plants to confer virus resistance (Abel et al. 1986; Nelson et al. 1987;
Stark and Beachy 1989), has opened the door for the translation of this technology
to other plant systems, implementing various genetic constructs that target silencing
of critical gene products required for the replication of the virus of interest (Beachy
et al. 2003; Prins 2003), including known pathogens of sorghum (Gilbert et al.
2005). Hence, such strategies offer great potential for the introduction of durable
virus resistance for sorghum.

Striga, commonly referred to as witch weed, contains two species, S. hermonthica
and S. asiatica, that are parasitic on sorghum and other cereals (Aly 2007). Parasitic
plant species infest nearly 50 million hectares crop plants on an annual basis, and
great strides have been made in developing resistance in sorghum through conven-
tional breeding approaches (Ejeta 2007). More recently Tuinstra et al. (2009) have
communicated a herbicide seed treatment strategy that exploits the introgression of
acetolactate synthase (ALS) herbicide resistance from shattercane into elite sor-
ghum genotypes (Hennigh et al. 2010). Implementing this seed-coating approach
significantly reduced Striga emergence under both greenhouse and field tests
(Tuinstra et al. 2009). While this is a very promising tool to combat this devastating
parasite, given that ALS inhibiting herbicides are typically classified as high risk for
development of resistance, the durability of such a strategy may be limited without
proper management. Hence, other approaches are needed to ensure long-term con-
trol towards Stiga. To this end, there has been a report looking at targeting critical
genes in parasitic plant’s life cycle by expression of hair-pin constructs in the host
plant which resulted in an enhanced tolerance phenotype in the Orobanche aegyp-
tiaca/tomato host parasite interaction (Aly et al. 2009). However, this approach was
not successfully translated as a means to control to the Striga/maize parasite inter-
action (Yoder and Scholes 2010). Clearly additional research is required to further
our understanding of the underlying biology involved during the early stages of
parasitism by these plants. More efforts around the assembly of -omics databases
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that carry this information (Torres et al. 2005) are needed in order to facilitate the
development of alternative control strategies towards Striga, that may serve as a
complement to the herbicide seed coating approach (Tuinstra et al. 2009).

Addressing a plant’s response to stresses that are governed in a multigenic fash-
ion is more challenging than single gene traits. In order to investigate multigenic
abiotic stress response traits such as drought and heat, researchers are evaluating a
coordinated expression of a suite of genes triggered by exposure to the targeted
stress by the introduction of a single transcription factor (Karaba et al. 2007; Nelson
et al. 2007; Suzuki et al. 2005). Theses transcription-factor based technologies hold
great promise as a means to reduce multigenic expressed phenotypes to a single
transgene fashion (Century et al. 2008), however, the transcription factor based
strategy undoubtedly will require tight regulation, necessitating the need for tissue-
specific and/or inducible promoter systems.

With respect to adaptation to low nitrogen environments, Yanagisawa et al.
(2004) demonstrated that expression of the maize Dof1 transcription factor improved
nitrogen assimilation in transgenic plants. However, it is feasible to directly perturb
nitrogen flux in plants. Nitrogen assimilation and metabolism in plants occurs
through coordinated action of a variety of enzymes acting upon a variety of sub-
strates. Two key enzymes involved in nitrogen metabolism in plants are glutamine
synthetase (GS) and glutamate synthase (GOGAT). Previous studies have shown
that enhancing GS or GOGAT activities can impact nitrogen metabolism in plant
species (Cai et al. 2009; Good et al. 2004). Enhancing activity of another enzyme
that impacts nitrogen flux in plants, alanine aminotransferease (Ala-AT), that cata-
lyzes the production of alanine and 2-oxoglutarate from pyruvate and glutamate,
has been shown to augment nitrogen use efficiency in both rape seed and rice (Good
et al. 2007; Shrawat et al. 2008).

A caveat to these studies communicating enhancing nitrogen use efficiency
through transgenic approaches is that most reports used data sets gathered from
greenhouse or growth chamber studies, with minimal information on the impact of
the respective transgenes on yield under field conditions (Brauer and Shelp 2010).
Moreover, no data sets have been communicated to date on the impact of gene
stacking strategies on nitrogen use efficiencies with these selected genes.

4 Target Output Traits for Sorghum Through Transformation

Digestibility of sorghum limits protein availability, and ultimately impacts the nutri-
tional quality of the grain (Duodu et al. 2003). The major proteins, prolamins, found
in sorghum reside in the endosperm. The prolamin storage proteins found in sor-
ghum and maize are designated kafirins and zeins, respectively. The prolamins are
assembled into protein bodies, with a very defined pattern, where the o class reside
in the core along with the J class, albeit to a lower extent, while the 3 and y classes
decorate the periphery of the protein body (Wu and Messing 2010). A number of
parameters can influence digestibility of sorghum protein, including structure and
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shape of the protein body (Duodu et al. 2003). Reduction of the zein proteins found
in the maize mutants opaque-2 (Hartings et al. 1989) and floury-2 (Coleman et al.
1995) leads to a concomitant increase in lysine and tryptophan due to a compensa-
tion mechanism in seeds resulting in an increase in nonzein proteins (Coleman and
Larkins 1999). Deliberate reduction in the 19 kDa a-zeins in maize manifests the
opaque kernel phenotype, and enhances levels of lysine and tryptophan in the grain
(Huang et al. 2004). Similarly, reduction in the level of both the - and y-zeins
resulted in drastic changes protein bodies, and triggered the opaque kernel pheno-
type (Wu and Messing 2010). Hence, modulation of the prolamins is a target that
could be pursued in sorghum as a means to simultaneously address digestibility, and
nutritional quality.

Oria et al. (2000) described a highly digestible, enhanced lysine sorghum mutant.
The protein bodies observed within this mutant are highly folded, with a redistribu-
tion of the y-kafirin about the body. These factors lead to increased exposure of the
core o-kafirins, which translates to the increased digestibility phenotype (Duodu
et al. 2003).

Like the maize floury-2 and opaque-2 mutants, the highly digestible, enhanced
lysine mutant of sorghum has value in both food and feed applications. However,
translation of these traits to application has yet to be realized, undoubtedly due to
the tendency of these altered prolamin grains to have reduced agronomic properties,
and post harvest issues (Huang et al. 2004). However, these drawbacks may not be
insurmountable. Breeding efforts are making progress in addressing the issues
blocking deployment of the high digestible, enhanced lysine mutant of sorghum
(Tesso et al. 2006, 2008a). Through better understanding of the underlying biology
governing protein deposition in these mutants and the influence of the various
genetic modifiers, will lead to improved biotechnology approaches, coupled with
better breeding strategies, to modulate the seed storage proteins, without negatively
altering the endosperm characteristics. Hence, in the end, the successful deploy-
ment of a high quality grain sorghum will ultimately require an interdisciplinary
approach that brings together the expertise of plant breeding, biotechnology, molec-
ular biology/genetics and food science.

5 Potential of Outcrossing

One of the concerns raised about release of transgenic sorghum is the potential for
outcrossing to its weedy relatives, johnsongrass and shattercane, which has been
hypothesized to potentially lead to altered balance in the ecosystem, changes in the
plant community structure, and persistence of weeds in agricultural lands (Tesso
et al. 2008b).

A number of parameters must be met for a successful sorghum outcross event to
occur. First, the crop and weed species must be in close proximity, and flowering
times synchronized. Hybrids derived from outcrosses between grain sorghum and
shattercane (S. bicolor subsp. drummondii Nees ex Steud de Wet & Harlan) do not
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appear to be compromised in fitness (Sahoo et al. 2010). This lack of fitness drag in
sorghum X shattercane hybrids has a benefit when introgressing desirable alleles
from the shattercane into the cultivated genotypes, for example ALS resistance
(Hennigh et al. 2010). However, this attribute that benefits conventional breeding
strategies used to broaden diversity of cultivated sorghum, negatively impacts the
use of transformation as a tool for introduction of novel traits into the crop, given
there will undoubtedly be a call for more extensive regulatory testing addressing the
potential ecological impact of a given transgenic sorghum event, which in turn will
lead to higher costs and delay in release, with getting a transgenic sorghum event on
the market.

One approach that may limit the concern of transgenic sorghum impacting the
ecosystem above what is already occurring with production of conventional culti-
vars is the use of a male sterility system that may effectively limit pollen flow of
transgenic sorghum under field conditions (Pedersen et al. 2003). However, such
containment systems in many cases may not be required. The current regulatory
system has a “one size fit all approach,” in that regardless of the trait developed
through transgenic approaches, a series of laborious and costly studies must be con-
ducted. While it is very reasonable to assume that deployment of a transgenic sor-
ghum event will eventually outcross to a wild relative, this must not be the deciding
factor to block production. Rather than a one size fits all model, perhaps a more
thoughtful, scientific regulatory process, in which decisions are made on a case-by-
case model is more appropriate. Recently, Hokanson et al. (2010) have communi-
cated a straightforward and scientific-fact based risk assessment process that
hopefully will open the door for more dialog in this area, and ultimately will allow
for advances in transgenic technologies to enter the marketplace expeditiously in a
safe and effective manner.
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