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Preface

Setaria is a genus of panicoid grasses that utilizes the highly efficient C4 photosyn-
thetic pathway and is related to other C4 grasses such as switchgrass, pearl millet, 
maize, and sorghum. The Setaria system comprises two species (considered subspe-
cies by some authors), namely, wild green foxtail (S. viridis), one of the most wide-
spread weeds on the planet, and its domesticated cousin, foxtail millet (S. italica), a 
drought-hardy and nutritious cereal important in China, India, and Africa. Together, 
the two species make up a remarkable system for investigating different aspects of 
plant biology, ranging from the processes of ecological differentiation, domestica-
tion, morphological and developmental change, genetic regulation, C4 photosynthe-
sis, breeding, and genome evolution. The aim of this book is to introduce the Setaria 
system to a wider audience, explore current research in Setaria, and provide proto-
cols and guidance for crossing, mutant production, creation of genetic resources, 
transformation, and genetic analysis.

The wide latitudinal and ecological range of green foxtail and foxtail millet has 
led to population divergence and local adaptation to a variety of conditions. The 
model S. viridis accession, A10.1, is consistent in its growth form under controlled 
conditions but very sensitive to growth environment, making it ideal for examining 
the molecular basis of abiotic stress. Accession A10.1 is a small variety of green 
foxtail that can be grown in growth chamber, greenhouse, and field trials and needs 
no special growth conditions. In particular, the small physical size and rapid life 
cycle of A10.1, coupled with a small diploid genome, lend itself to genetic analyses 
such as those that have commonly been performed in Arabidopsis. Further model 
accessions are being developed that combine attributes of foxtail millet, especially 
non-seed shattering, with other desirable traits.

Multiple chapters in this volume speak to the utility of Setaria as a model system 
for C4 grass biology, including C4 photosynthesis, cell wall regulation, root and 
shoot regulation, root-microbe interactions, herbicide tolerance, and drought stress. 
These studies are enabled by genetic and genomic resources, including multiple 
genome sequences for foxtail millet and green foxtail, multiple sequenced diversity 
lines for population genetics, and genome-wide association studies, a renewed 
interest in creating mapping populations and mutant collections, and efficient 
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 transformation techniques, including the promise of a spike dip protocol analogous 
to the floral dip protocol for transformation that revolutionized Arabidopsis genetic 
research. High-throughput sequencing (HTS) has been an important component in 
the development of several of these resources, including genome by sequencing and 
whole-genome sequencing of diversity lines, and rapid identification of candidate 
loci underlying quantitative trait loci (QTL) and mutant phenotypes. Coupled with 
HTS, new gene editing techniques are allowing rapid and efficient reverse genetic 
approaches, including testing candidate loci generated from GWAS, QTL mapping, 
and fine mapping in mutant populations.

An important aspect of the Setaria system is that it is part of a larger set of 
genetic model species in the grasses that allow inferences about gene and genome 
evolution that is simply not possible in any other family. These models include rice, 
maize, sorghum, and Brachypodium (B. distachyon and B. stacei), a pooid C3 model 
grass much like Setaria in its small size and ease of use. In addition, there is the 
tetraploid genome of switchgrass (Panicum virgatum), the diploid genome of its 
close relative Panicum hallii, and multiple draft genomes in progress in other spe-
cies. These genomes span the vast majority of grass diversity and allow unparalleled 
opportunities for investigating genome evolution and the genetic basis of morpho-
logical and physiological evolution. In addition, grass synteny allows basic research 
in these model systems to be quickly and efficiently translated into agronomically 
important crops such as maize, rice, and wheat.

Setaria is unique among these grass model systems because it encompasses both 
an important domesticated cereal and an emerging model system. The drought har-
diness of Setaria makes it an attractive crop in parts of China, India, and Africa and 
an alternative to other cereals such as pearl millet and sorghum. The use of Setaria 
as a model system to understand drought stress will rapidly be translated into both 
better Setaria varieties and the possibility of better drought-hardy cereals in general. 
The small size and ease of genetic analysis in Setaria also make it the model of 
choice for understanding the genetics and physiology of C4 photosynthesis, and 
Setaria is a key tool in the grand challenge of converting C3 photosynthetic grasses 
like rice into highly efficient C4 cereals to feed an ever-growing human population.

Finally, a note on nomenclature. Setaria is used in this volume to denote the 
Setaria system (both Setaria italica and its wild progenitor Setaria viridis), written 
without italicization and starting with a capital letter. The two species names are 
written in italics as is normal for Latin binomials. In addition, S. viridis has been 
referred to in past literature as both green millet and green foxtail, but we advocate 
the use of green foxtail as its correct common name, as it is not a millet cereal grain.

Stillwater, OK Andrew Doust 
Haidian, Beijing, P.R. China  Xianmin Diao 
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Chapter 1
Evolution of Setaria

Elizabeth A. Kellogg

Abstract The genus Setaria includes almost 100 species of panicoid grasses. 
Within the subfamily Panicoideae it falls in the tribe Paniceae, subtribe Cenchrinae. 
Members of the subtribe are characterized by the presence of sterile branches in the 
inflorescence, often known as “bristles.” Major clades of Setaria are geographically 
localized, with the African species falling in a distinct clade from the South 
American ones, which are in turn distinct from the Asian ones. Many species have 
become weedy and are distributed widely in warm areas throughout the world. 
Nearly all members of the genus share a chromosome base number of x = 9, similar 
to most other members of Paniceae, and polyploidy is common, with some species 
including tetraploid, hexaploid, and octoploid members. The crop species S. italica 
was domesticated from the weed S. viridis, and both share a genome designated as 
A. A second diploid weed, S. adhaerens, is genomically distinct, with a genome 
designated as B. The tetraploid S. verticillata includes both A and B genomes, while 
tetraploid S. faberi appears to be derived from two A-like ancestors.

Keywords Setaria • Paniceae • Panicoideae • Poaceae • Polyploidy • Bristle clade

1.1  Relationships of Setaria to Other Monocots

The genus Setaria is a member of subtribe Cenchrinae, tribe Paniceae, subfamily 
Panicoideae, family Poaceae, order Poales, in the commelinid clade of monocots 
(Soreng et al. 2015; Kellogg 2015). Because Setaria inherits the characters of each 
of these larger clades, we will consider each in turn, progressing from the most to 
the least inclusive.

E.A. Kellogg, Ph.D. (*) 
Donald Danforth Plant Science Center, 975 North Warson Road, St. Louis, MO 63132, USA
e-mail: ekellogg@danforthcenter.org

mailto:ekellogg@danforthcenter.org
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1.1.1  Characteristics of Setaria Shared with the Commelinid 
Clade, Poales, and Poaceae

1.1.1.1  Commelinids

The commelinid clade includes Poales, Zingiberales (gingers and bananas), and 
Commelinales (spiderworts and their relatives). All members of this clade have 
endosperm that is well developed and persists in the seed (Stevens 2012). In addi-
tion, the commelinid monocots have unique cell walls. The hemicelluloses in the 
primary walls are largely arabinoxylans, specifically glucuronoarabinoxylans 
(Carpita 1996; Withers et al. 2012); the latter appear to be unique to the commelin-
ids. The amount of pectin and protein is fairly low in comparison to eudicots 
(Carpita 1996). In the secondary walls, major lignin subunits are p-coumaric and 
ferulic acid (Harris and Hartley 1980; Harris and Tretheway 2009). Much of the 
information on the biochemistry of the commelinid secondary wall comes from 
grasses (Withers et al. 2012; Petrik et al. 2014; Molinari et al. 2013) but is presumed 
to apply to all commelinids. All commelinids accumulate silica in their leaves 
(Stevens 2012). Thus, Setaria could be a useful model for studies of endosperm, cell 
walls, and silica accumulation, with the results of such studies applying not only to 
grasses, but to other members of the commelinid clade.

1.1.1.2  Poales

The Poales in its current broad sense includes 16 families (Angiosperm Phylogeny 
Group 2009; Givnish et al. 2010), all of which accumulate silica specifically in the leaf 
epidermis (Stevens 2012). Silica accumulation protects the plant from pathogenic bac-
teria and fungi (Isa et al. 2010; Ma and Yamaji 2006), and also appears to reduce insect 
herbivory (Massey and Hartley 2009; Garbuzov et al. 2011). In addition, deposition of 
silica provides structural support, reduces the uptake of toxic metals, and regulates 
water loss (Isa et al. 2010; Ma and Yamaji 2006). One popular theory suggested that 
production of silica was selected as a defense against mammalian grazers because it 
would wear down their teeth (Simpson 1951; Baker et al. 1959). However, this idea is 
not supported by data (Sanson et al. 2007; Strömberg 2006).

Endosperm development in all Poales is unique among angiosperms, with mul-
tiple rounds of nuclear division before cell walls form (nuclear endosperm) (Stevens 
2012). Few other morphological characters are shared by members of Poales, 
although many are wind pollinated, often occur in nutrient-poor habitats, and are 
often fire adapted (Linder and Rudall 2005). Flowers generally occur in tiny clusters 
called “spikelets” in both Cyperaceae and Poaceae, but the structure of these is quite 
different and nonhomologous in the two families.

Within Poales, Poaceae fall into the graminid clade, a well-supported group that 
also includes Flagellariaceae, Restionaceae (which now includes members of the 
former Centrolepidaceae), Anarthriaceae, Joinvilleaceae, and Ecdeiocoleaceae. 

E.A. Kellogg
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Members of the graminid clade have monoporate pollen, with a raised ring or annu-
lus around the pore (Stevens 2012), a character that is retained in Setaria. The func-
tional significance of this pollen form is unknown. Nearly all graminids have 
two-ranked (distichous) sheathing leaves. The endothecium of the anther has girdle- 
like thickenings. Stigmas are generally plumose, with receptive cells on multicel-
lular branches. The graminids also all share the ability to produce flavones.

The immediate sister group of Poaceae is uncertain. Possible candidates are 
Joinvillea, the sole genus in Joinvilleaceae, or Ecdeiocoleaceae, a family with two 
genera, Ecdeiocolea and Georgeantha. Current data suggest that the two families 
are sisters, and that the clade is then sister to Poaceae (McKain et al. 2016). Members 
of both families have conventional monocot flowers with two whorls of perianth 
parts, and thus their structure sheds little light on the homologies of the grass spike-
let (but see (Preston et al. 2009; Kellogg 2015)). Like Setaria and other grasses, 
both Joinvilleaceae and Ecdeiocoleaceae have dumbbell-shaped stomatal guard 
cells. This guard cell shape is thought to enhance the speed of pore opening (Haworth 
et al. 2011; Franks and Farquhar 2007). Also Joinvilleaceae shares with the grasses 
the pattern of alternating long and short cells in the epidermis (Campbell and 
Kellogg 1987). As with many such morphological characteristics, the genetic con-
trols and functional significance of this character are unknown.

1.1.1.3  Poaceae

Poaceae, or Gramineae (both names are correct), is the most speciose of the families 
in Poales. It includes ca. 12,000 species (Clayton et al. 2006 onwards; Kellogg 
2015) and is clearly monophyletic (Kellogg and Campbell 1987; Kellogg and 
Linder 1995; Vicentini et al. 2008; GPWG 2001; GPWG II 2012).

The grasses all share a distinctive embryo and fruit (GPWG 2001; Kellogg 2015). 
The seed coat is generally fused to the inner epidermis of the pericarp, forming a single 
seeded fruit or caryopsis (Fig. 1.1a). Unlike all other commelinid monocots (and indeed 
most monocots), the grass embryo is highly differentiated (Kellogg 2000; Campbell 
and Kellogg 1987; Rudall et al. 2005), with a well-developed shoot apical meristem 
surrounded by a sheath-like structure, the coleoptile, and bearing two or more leaves 
(Sylvester et al. 2001) (Fig. 1.1a). The root apical meristem is also differentiated and 
surrounded by a coleorhiza. Attached to the embryo is a large shield-shaped haustorial 
organ, the scutellum. Together the coleoptile and scutellum appear to represent the 
sheath and blade, respectively, of a highly modified cotyledon (Takacs et al. 2012).

Also characteristic of Poaceae is the formation of tiny trichomes (microhairs) 
from the short cells of the leaf epidermis. Microhairs are two-celled, with an elon-
gate apical cell (Johnston and Watson 1976). The functional significance of micro-
hairs is unknown, although it is possible that they could be secretory in some 
instances. While the ability to produce microhairs is clearly ancestral in the grasses 
(GPWG 2001) and occurs in Setaria as well as all other panicoid species, the 
 cool- season grasses in subfamily Pooideae do not produce them so they are not 
universal in grasses.

1 Evolution of Setaria
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Poaceae genomes have been studied extensively because genomic informa-
tion is so essential for breeding efforts. A whole genome duplication occurred in 
the common ancestor of all grasses, so that many loci are retained in duplicate 
(Goff et al. 2002; Yu et al. 2002; Paterson et al. 2004, 2009; McKain et al. 2016).

Poaceae is divided into 12 subfamilies (Fig. 1.2) (Kellogg 2015; Soreng et al. 
2015). The ones that diverged early in the evolution of the family include only a 
handful of species (Anomochlooideae, four species, Pharoideae, 12, and 
Puelioideae, 11) (Kellogg 2015). The vast majority of species fall in the BOP and 
PACMAD clades, the names of which are acronyms for the included subfamilies. 
BOP includes Bambusoideae, Oryzoideae, and Pooideae, whereas PACMAD 
includes Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, 
and Danthonioideae.

The grass spikelet, which is a tiny spike delimited by two bracts (glumes) and 
with one or more flowers, characterizes all grasses except Anomochlooideae. The 
precise timing of origin of the spikelet, however, is unclear. Either the spikelet was 
present in the common ancestor of all grasses and was then highly modified in 
Anomochlooideae, or the spikelet originated in the common ancestor of Pharoideae 
and all remaining grasses (GPWG 2001; Preston et al. 2009; Kellogg 2015) (node 
1, Fig. 1.2). In either case, Setaria is like all but about four species of grasses in 
having flowers borne in spikelets.

Other widespread aspects of grasses characterize Puelioideae plus the 
BOP + PACMAD clades (i.e., descendants of node 2, Fig. 1.2), and not 

Fig. 1.1 (a) Embryo of Setaria viridis. As in all other grasses, the Setaria embryo has well-
developed shoot and root meristems and a clear scutellum. The deep cleft between the base of the 
scutellum and the coleorhiza is common in most grasses except for the Pooideae. en, endosperm; 
sam, shoot apical meristem; ram, root apical meristem; s, scutellum. (b) Apex of young bristle 
showing collapsed cells. Bristles appear to lose their meristems early in development. dm, 
degenerating meristem. Photos by John G. Hodge

E.A. Kellogg
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Anomochlooideae or Pharoideae. For example, style branches and stigmas are 
reduced to two in this group (although the character reverses in some taxa), and the 
stigmas have two orders of branching (GPWG 2001). Spikelets each have multiple 
flowers (another character that reverses frequently). Anther walls have a middle 
layer that breaks down during development, and the inner walls of the endothecial 
cells become fibrous at maturity.

The female gametophyte in the grasses is fairly conventional in early develop-
ment, with an egg, two synergids, a binucleate central cell, and antipodal cells. 
However, in all investigated species other than the early diverging genera 
Streptochaeta and Pharus (Sajo et al. 2007, 2008), the antipodals continue to divide 
(Anton and Cocucci 1984; Evans and Grossniklaus 2009; Shadowsky 1926). The 
function of these extra divisions is unknown.

Anomochlooideae
Pharoideae
Puelioideae
Ehrharteae
Oryzeae - rice
Phyllorhachideae*
Streptogyna
Bambuseae 

Olyreae
Arundinarieae 

Brachyelytreae
Nardeae
Stipeae
Phaenospermateae
Meliceae
Diarrheneae
Brachypodieae
Bromeae
Triticeae - wheat, barley, rye
Poeae - ryegrass, fescue, bentgrass, oats
Aristidoideae
Arundinoideae
Micrairoideae
Danthonioideae
Centropodieae
Triraphidieae
Eragrostideae - tef
Zoysieae
Chlorideae - �nger millet
Tristachyideae
Centotheceae
Chasmanthieae
Gynerieae
Paniceae - switchgrass, green millet
Paspaleae
Andropogoneae - maize, sugarcane, sorghum

Oryzoideae

Bambusoideae

Pooideae

Chloridoideae

Panicoideae

BOP
clade

PACMAD
   clade

3

5
6

1

2

4

Fig. 1.2 Phylogeny of the grasses, based largely on GPWG II (2012) and redrawn from Kellogg 
(2015). Arrow points to subfamily Panicoideae, tribe Paniceae, which includes Setaria

1 Evolution of Setaria
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The BOP + PACMAD clade (descendants of node 3, Fig. 1.2) has no obvious 
morphological synapomorphy. The Grass Phylogeny Working Group (GPWG 
2001) suggested that lack of a pseudopetiole in the leaves, reduction of lodicule 
number to 2 and stamen number to 3 might be synapomorphic. Although these char-
acters reverse in a number of lineages, they all characterize Setaria.

Members of the PACMAD clade (node 4, Fig. 1.2) have nothing obvious in com-
mon. They are thought to share an elongated mesocotyl internode in the embryo, 
but relatively few species have actually been investigated for this character and it is 
unclear how reliable or consistent it is (GPWG 2001). The clade also includes all 24 
origins of the C4 photosynthetic pathway in grasses (GPWG II 2012).

1.1.2  Characteristics of Setaria Shared with Subfamily 
Panicoideae, Tribe Paniceae, and Subtribe Cenchrinae

1.1.2.1  Panicoideae

Nearly 1/3 of the species of Poaceae are in subfamily Panicoideae. Panicoideae s.s. 
(node 6, Fig. 1.2) was one of the earliest subfamilies to be recognized as distinct. In 
1810, Robert Brown noted that the group (which he called Paniceae) mostly has 
spikelets with exactly two flowers, with the upper one bisexual and the lower one 
staminate or sterile (Brown 1810, 1814). Recent phylogenetic work has shown that 
Panicoideae s.s. is part of a larger clade which now bears the name Panicoideae 
(node 5, Fig. 1.2), in which the spikelet morphology is more variable (Sánchez-Ken 
and Clark 2007, 2010).

Spikelets in Panicoideae s.s. are dorsiventrally compressed. The glumes and 
lemmas are generally not folded and are borne ab- and adaxially in relation to the 
spikelet- bearing axis. This pattern of compression contrasts with that of most 
other grasses such as rice, tef, and Brachypodium, in which the glumes and lemma 
are both folded along the midrib, a pattern known as lateral compression. In these 
taxa, the glumes and lemmas initiate at right angles to the spikelet-bearing axis. 
As with many such morphological characters, the significance of this highly con-
sistent difference is unknown.

Spikelet development in the panicoids is basipetal, with the distal flower matur-
ing before the proximal one (Bess et al. 2005; Doust and Kellogg 2002; Malcomber 
and Kellogg 2004). This pattern is similar to that in rice, but distinct from what is 
found in Pooideae, Chloridoideae, and other major groups.

Silica bodies in the leaf epidermis of panicoid grasses are generally bilobed in 
surface view and symmetrical in cross section (Piperno 2006; Piperno and Pearsall 
1998). Nothing is known about deposition of silica in the grass epidermis and the 
mechanism by which silica body shape is defined.

Early phylogenetic work in subfamily Panicoideae found that the phylogeny 
reflected chromosome numbers rather than photosynthetic pathway as had been thought 
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previously (Gómez-Martinez and Culham 2000; Aliscioni et al. 2003; Giussani et al. 
2001). The ancestral base chromosome number of the subfamily is unknown but most 
likely to be 11 or 12, and the number was then reduced in the common ancestor of 
Panicoideae s.s. One descendant of this ancestor acquired a base number of x = 9, a 
number that now characterizes the tribe Paniceae, whereas the other descendant 
acquired a number of x = 10, which is shared by the tribes Andropogoneae and Paspaleae.

1.1.2.2  Paniceae

Within Paniceae, major clades are strongly supported by both nuclear, chloroplast, 
and mitochondrial sequences (Vicentini et al. 2008; GPWG II 2012; Washburn et al. 
2015). All analyses to date have identified clades corresponding to subtribes 
Cenchrinae, Melinidinae, Panicinae, Boivinellinae, Neurachninae, and 
Anthephorinae (Fig. 1.3). The genus Dichanthelium is monophyletic and could be 
placed in its own subtribe (Dichantheliinae (Soreng et al. 2015)). In addition, there 
is an unnamed clade made up of the genera Sacciolepis, Trichanthecium, and 
Kellochoa plus a number of species formerly placed in Panicum (node 4, Fig. 1.3) 
(Morrone et al. 2012; GPWG II 2012; Zuloaga et al. 2011; Nicola et al. 2015).

Cenchrinae, Melinidinae, and Panicinae form a robust group (the MPC clade) 
(Morrone et al. 2012; GPWG II 2012) (node 2, Fig. 1.3), with Cenchrinae and 
Melinidinae sisters (node 3, Fig. 1.3 (Washburn et al. 2015)). The clade was first identi-
fied as the “C4 three subtypes” clade by Giussani et al. (2001) because all members are 
C4, but each subtribe exhibits a different subtype of the C4 pathway. Cenchrinae includes 
species that are NADP-ME subtype, Melinidinae members are PCK, and Panicinae are 
NAD-ME. Each C4 subtype has characteristic leaf anatomy (Hattersley 1987; Hattersley 
and Watson 1992; Prendergast and Hattersley 1987; Prendergast et al. 1987). In 
Panicinae and Melinidinae, each vein is surrounded by an inner sheath of thick walled 
cells, the mestome sheath, and an outer sheath of parenchymatous cells. Carbon reduc-

Cenchrinae (C4, NADP-ME, Fig. 4)
Melinidinae (C4, PCK)
Panicinae (C4, NAD-ME)
Homopholis (C3) 
Dichanthelium (C3) 
Neurachninae (C3 and C4)

“Panicum” sect. Monticolae group (C3) 

Trichanthecium (C3) 
Sacciolepis (C3) 

Boivinellinae (C3 and C4)
Anthephorinae (C4, NADP-ME)

2
3

1 Kellochloa (C3) 
4

Fig. 1.3 Phylogeny of Paniceae based on chloroplast, mitochondrial, and nuclear rDNA gene 
sequences (Washburn et al. 2015; Nicola et al. 2015). The clade made up of Cenchrinae, 
Melinidinae, and Panicinae is found in all molecular phylogenies. Other relationships, particularly 
those surrounding node 1, are contradicted by other gene trees
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tion occurs in the latter. In Cenchrinae, and thus in Setaria, as in most NADP-ME 
grasses, veins are surrounded by a single sheath, a derived condition in the subtribe.

Relationships among the other clades of Paniceae are unclear. Chloroplast data 
place Dichanthelium as sister to the MPC clade, whereas nuclear data place it sister 
to all other Paniceae (Vicentini et al. 2008) and combined chloroplast, mitochon-
drial, and nuclear RNA data place it sister to Neurachninae (Washburn et al. 2015). 
Conversely, Anthephorinae is placed sister to all Paniceae by chloroplast data (node 
1, Fig. 1.3), but sister to the MPC clade by nuclear genes.

1.1.2.3  Cenchrinae

The Cenchrinae is also known as the “bristle clade,” because almost all members of 
the clade form sterile branches (“bristles”) in the inflorescence. These sterile 
branches originate as ordinary branches, but instead of forming spikelets, they grow 
out and terminate blindly (Doust and Kellogg 2002). The bristles may form a meri-
stem at their apex, but this often simply aborts, leaving a small collapsed set of cells 
(Fig. 1.1b). Bristles may be restricted to the ends of branches, or a bristle may be 
paired with each spikelet, or individual spikelets may be surrounded by an involucre 
of bristles. In the latter case, the bristles may be terete or flattened.

Two species, Zuloagaea bulbosa and “Panicum” antidotale, lack bristles. (The 
latter species is unrelated to true Panicum, which is in Panicinae, but has not yet 
been transferred to another genus.) Developmental studies in Zuloagaea show that 
early development in that species is strikingly similar to that of Panicum miliaceum 
(Panicum s.s.) and there is no evidence of bristle formation at any point in develop-
ment (Bess et al. 2005, 2006).

The phylogeny of the group is poorly resolved largely because no one has yet 
investigated it using a sufficient number of markers. Nonetheless, a few strong 
clades can be identified. The Cenchrus clade (Cenchrus sensu lato, Fig. 1.4) includes 
both Cenchrus and the former genus Pennisetum, plus the monotypic Odontelytrum 
(Chemisquy et al. 2010; Donadio et al. 2009; Morrone et al. 2012). All species of 
Cenchrus s.l. form an abscission zone at the base of the primary branch such that the 
spikelets fall from the plant surrounded by an involucre of bristles. Developmentally, 
the species are also distinct because the primary branch enlarges isodiametrically, 
rather than growing primarily in a proximo-distal direction (Doust & Kellogg 
2002). While many species of Cenchrus s.s. are easily identified by their flattened 
bristles forming an involucre around the spikelets, others intergrade morphologi-
cally with the former Pennisetum. Thus, the boundary between the genera is not 
sharp, consistent with the pattern found in phylogenetic studies (Donadio et al. 
2009; Chemisquy et al. 2010).

Primary branches of the inflorescence are spirally arranged in most species, 
whereas the secondaries and higher order branches are distichous (Bess et al. 2005; 
Doust and Kellogg 2002; Kellogg et al. 2004, 2013).

E.A. Kellogg
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1.2  Relationships Within the Genus Setaria

1.2.1  Phylogeny and Characteristics of the Genus

Species of Setaria are described in detail in two monographs, which together cover 
99 species (Morrone et al. 2014; Pensiero 1999), although Clayton et al. (2006 
onward) lists 103 names. The genus has no unique character and as currently defined 
is likely to be para- or polyphyletic. The current phylogeny shows a number of well- 
supported clades corresponding largely to geography, but relationships among them 
are unresolved, making generic circumscription impossible at the moment (Fig. 1.4). 
As currently circumscribed, Setaria includes the members of Cenchrinae that do not 
fall in the Cenchrus clade, have bisexual spikelets (i.e., are not Spinifex or 
Zygochloa), and lack the distinctive characters of the various oligotypic genera such 
as Dissochondrus, Paractaenum, or Plagiosetum. Almost certainly, Setaria will 
need to be expanded to include some of these elements, but without a solid phylog-
eny it is hard to find a good rationale for doing so.

Species of Setaria occur in warm regions throughout the world, and in diverse habi-
tats (Morrone et al. 2014). Some species, such as S. sulcata and S. palmifolia, occur in 

Africa, 
tropical

Asia

Melinidinae (outgroup)
Panicinae (outgroup)

 Australia,
Australasia

A

to Figure 4B

a
c
a

,
i

temperate 
Asia

  Americas

Bto Figure 4A

Fig. 1.4 Phylogeny of Cenchrinae based on the chloroplast gene ndhF, focusing on species in 
Setaria. Redrawn from Kellogg et al. (2009). Arrows show the approximate placement of addi-
tional taxa included in the study of GPWG II (2012). All branches shown have either parsimony or 
maximum likelihood bootstrap values >80, or Bayesian posterior probability >0.95, or both. 
Brown box indicates taxa native to Africa or tropical Asia, yellow is Australia and Australasia, blue 
is temperate Asia and green is the Americas, mostly South and Central America
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disturbed areas in moist forest shade. Others, such as S. nigrirostris and S. sphacelata, 
are found in damp grasslands, and still others, such as S. rara and S. reflexa, in dry open 
habitats. A handful of species, notably S. viridis and S. pumila, are weedy and have 
followed human activity to spread far beyond their original distribution.

The number and position of bristles in the inflorescence varies considerably 
among Setaria species (Morrone et al. 2014). In species such as Setaria palmifolia, 
each spikelet is accompanied by a single bristle. In other species, such as S. parvi-
flora and S. viridis, each mature spikelet is surrounded by multiple bristles. The 
relationship between the number of spikelets and the number of bristles is develop-
mentally complex however (Doust and Kellogg 2002). Bristle and spikelet identity 
are specified early in inflorescence development. In some cases, all spikelets develop 
to maturity so that the number of bristles per spikelet reflects meristem identity 
decisions. In other species, however, late forming spikelets fail to develop so that 
high numbers of bristles per spikelet reflect a process of spikelet abortion rather 
than branch identity specification.

In some species of Setaria the primary branches of the inflorescence are them-
selves unbranched (i.e., the spikelets are borne directly on the primary branches) 
and the branches end in a sharp bristle-like tip (Morrone et al. 2014). The inflores-
cence thus looks superficially similar to that in Paspalum, but the presence of the 
terminal bristle is diagnostic; species with this inflorescence morphology have often 
been placed in a genus Paspalidium. However, species occur in which some spike-
lets are associated with bristles in addition to the one at the branch tip and thus the 
morphology intergrades with that of Setaria sensu stricto. Recognizing this mor-
phological intermediacy, all Paspalidium species have been transferred to Setaria 
(Veldkamp 1994; Webster 1993, 1995), and the transfer has been supported by phy-
logenetic data (Morrone et al. 2012; Kellogg et al. 2009; GPWG II 2012).

The species of Setaria vary widely in inflorescence architecture and leaf form 
(Morrone et al. 2014). Inflorescences may be narrow with short stiff lateral branches 
(the inflorescence thus shaped like a bottle brush, e.g., S. pumila, S. sphacelata, S. 
nigrirostris), broad and lax with spreading branches (shaped like a Christmas tree, 
e.g., S. grandis, S. sulcata, S. lindenbergiana), or sparse with few spreading primary 
branches (like an antenna, e.g., S. jubiflora, S. flavida). Each primary branch may 
produce spikelets directly (e.g., S. jubiflora, S. flavida, S. rara) or may rebranch up 
to six times (e.g., S. parviflora, S. pumila). Plants may be annual (e.g., S. faberi, S. 
acromelaena, S. sagittifolia, S. viridis) or perennial (most species), and may be a 
few cm (e.g., some specimens of S. clementii, S. ustilata) to over 1 m (e.g., S. gran-
dis) tall. Spikelets are generally ovate but sometimes may be elongate or orbicular. 
Leaves are generally flat, but some species (e.g., S. sulcata, S. palmifolia) have 
striking folded leaves. The latter were once placed in their own section because the 
leaf morphology is so distinctive, but they do not form a clade in molecular phylog-
enies. Sagittate leaves are found in S. sagittifolia and S. appendiculata.

As in all groups of grasses, polyploids are common (Table 1.1). Except for poly-
ploids involving Setaria viridis (see next section) the history of few of these has 
been disentangled, although it would be straightforward to do so using low-copy 
nuclear genes. Sequences of the nuclear gene Knotted1 have shown that S. flavida 
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Table 1.1 Published chromosome numbers for species of Setaria

Species Origin n Reference 2n Reference

adhaerens Asia 9 Gupta and Singh 
(1977)

apiculata Australia 36 Le Thierry d’Ennequin 
et al. (1998)a

barbata Africa 18 Olorode (1975) 54 Gadella (1977)

27 Christopher and 
Abraham (1976) 
and Dujardin 
(1978)

56 Sarkar et al. (1976)

28 Sarkar et al. 
(1976)

faberi Asia 36 Probatova and 
Sokolovskaya (1983) 
and Warwick et al. 
(1987, 1997)

fiebrigii South 
America

18 Oliveira 
Freitas-Sacchet 
(1980) and 
Oliveira 
Freitas-Sacchet 
et al. (1984)

36 Pensiero (1999)

flavida Australia 18 Bir and Chauhan 
(1990)

44 Sharma and Sharma 
(1979)

27 Mehra (1982), 
Bir and Sahni 
(1983) and 
Nadeem Ahsan 
et al. (1994)

54 Sinha et al. (1990)

56 Bir and Chauhan 
(1990)

geminata Africa 9 Rao and 
Mwasumbi 
(1981) and 
Nadeem Ahsan 
et al. (1994)

grisebachii Central and 
South 
America

18 Reeder (1971)

homonyma Africa 10 Singh and Gupta 
(1977)

18 Mehra and 
Sharma (1975)

(continued)
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Table 1.1 (continued)

Species Origin n Reference 2n Reference

italica Asia 9 Khosla and 
Sharma (1973), 
Gupta and Singh 
(1977), Mehra 
(1982) and Sinha 
et al. (1990)

18 Christopher and 
Abraham (1976), Li 
and Chen (1985) and 
Sinha et al. (1990), 
Chikara and Gupta 
(1979), Frey et al. 
(1981), Zhou et al. 
(1989), Kozuharov and 
Petrova (1991), Li et al. 
(1996), Wu and Bai 
(2000), and Le Thierry 
d’Ennequin et al. 
(1998)a

36 Li and Chen (1985)

kagerensis Africa 18 Lakshmi and Yacob 
(1978)

lachnea South 
America

18 Gupta and Singh 
(1977)

36 Bowden and Seen 
(1962), Manero de 
Zamelzú and Ochoa de 
Suárez (1991), Pensiero 
(1999), and Le Thierry 
d’Ennequin et al. 
(1998)a

leucopila SW US, 
Mexico, 
South 
America

54, 
68, 
72

Emery (1957a)

longiseta Africa 18 (Olorode 1975) 36

macrostachya North, 
Central, 
and South 
America

27 Gupta and Singh 
(1977)

54 Emery (1957b), 
Pensiero (1999), and Le 
Thierry d’Ennequin 
et al. (1998)a

72 Gupta and Singh (1977)

magna North, 
Central, 
and South 
America

36 Brown (1948)

nigrirostris Africa 9 Gupta and Singh 
(1977)

18 Raman et al. (1959) and 
Le Thierry d’Ennequin 
et al. (1998)a

18 Spies and 
duPlessis (1986)

36, 
54

Spies and duPlessis 
(1986), Raman et al. 
(1959), and Le Thierry 
d’Ennequin et al. 
(1998)a

27 Spies and 
duPlessis (1986)

(continued)
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Species Origin n Reference 2n Reference

oblongata Argentina, 
Bolivia

18 Tiranti and 
Genghini (2000)

palmifolia Asia, Africa 27 Mehra and 
Sharma (1975), 
Mehra (1982) 
and Christopher 
and Abraham 
(1976)

54 Christopher and 
Abraham (1976)

36 Le Thierry d’Ennequin 
et al. (1998)a

pampeana Argentina ca. 
50

Pensiero (1999)

parviflora North, 
Central, 
and South 
America

18 Gupta and Singh 
(1977), Oliveira 
Freitas-Sacchet 
(1980) and 
Mehra (1982)

36 Gould and Soderstrom 
(1967), Pohl and 
Davidse (1971), 
Norrmann et al. (1994), 
and Le Thierry 
d’Ennequin et al. 
(1998)a

72 Gould and Soderstrom 
(1967) and Fernández 
and Queiróz (1969)

pflanzii South 
America

36 Caponio and Pensiero 
(2002)

plicata Asia 36 Mehra (1982)

pumila Africa, Asia 9, 
18 + 0−2B, 
27

Sahni (1989) 36 Sahni (1989), 
Kozuharov and Petrova 
(1991), Baltisberger 
(1988), Devesa et al. 
(1991), and Singh and 
Godward (1960)

36 Sahni (1989) and 
Nadeem Ahsan 
et al. (1994)

54 Le Thierry d’Ennequin 
et al. (1998)a

restioidea Africa 18 Dujardin (1978)

rosengurtii South 
America

54 Oliveira 
Freitas-Sacchet 
et al. (1984) and 
Oliveira 
Freitas-Sacchet 
(1980)

(continued)

Table 1.1 (continued)

1 Evolution of Setaria



16

Table 1.1 (continued)

Species Origin n Reference 2n Reference

scabrifolia South 
America

18 Oliveira 
Freitas-Sacchet 
et al. (1984) and 
Oliveira 
Freitas-Sacchet 
(1980)

sphacelata Africa 9 Gupta and Singh 
(1977), Dujardin 
(1978) and Rao 
and Mwasumbi 
(1981)

18 deWet (1958)

18 Gupta and Singh 
(1977), Bir and 
Sahni (1986, 
1987) and Sahni 
(1989)

36 deWet (1954), deWet 
and Anderson (1956), 
and Le Thierry 
d’Ennequin et al. 
(1998)a

27 Gupta and Singh 
(1977)

54 Gupta and Singh (1977) 
and deWet (1958)

sulcata Central and 
South 
America

18 Gupta and Singh (1977)

16 Oliveira 
Freitas-Sacchet 
et al. (1984) and 
Oliveira 
Freitas-Sacchet 
(1980)

32 Oliveira Freitas-Sacchet 
(1980)

18 Olorode (1975) 
and Dujardin 
(1978)

36 Quarín (1977), deWet 
and Anderson (1956), 
and Le Thierry 
d’Ennequin et al. 
(1998)a

54 Moffett and Hurcombe 
(1949)

tenacissima Central and 
South 
America

36 Sede et al. (2010)

vaginata South 
America

18 Oliveira 
Freitas-Sacchet 
et al. (1984) and 
Oliveira 
Freitas-Sacchet 
(1980)

(continued)
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Species Origin n Reference 2n Reference

verticillata Eurasia 9 Christopher and 
Abraham (1976)b

18 deWet (1954) and Wu 
and Bai (2000)b

18 Gupta and Singh 
(1977), Sahni 
(1989), Bir and 
Sahni (1986) and 
Bala and 
Sachdeva (1989, 
1990)

36 Váchová and Feráková 
(1980)

27 Christopher and 
Abraham (1976), 
Gupta and Singh 
(1977), Mehra 
(1982), Sahni 
(1989), Bir and 
Sahni (1983), 
Sahni and Bir 
(1985), Bala and 
Sachdeva (1989, 
1990) and Sinha 
et al. (1990)

54 Khosla and Sharma 
(1973), Gupta and 
Singh (1977), and 
Sinha et al. (1990)

36, 54 Sahni (1989) and 
Bir and Sahni 
(1986)

viridis Asia 9 Christopher and 
Abraham (1976), 
Gupta and Singh 
(1977) and Koul 
and Gohil (1988, 
1991)

18 Khosla and Sharma 
(1973), Chopanov and 
Yurtsev (1976), 
Magulaev (1976), 
Váchová (1978), 
Kliphuis and 
Wieffering (1979), 
Belaeva and Siplivinsky 
(1981), Löve and Löve 
(1981), Guzik (1984), 
Li and Chen (1985), 
Kozuharov and Petrova 
(1991), Xu et al. 
(1992), Moffett and 
Hurcombe (1949), Le 
Thierry d’Ennequin 
et al. (1998),a and 
(Layton and Kellogg 
2014)a

18 Löve and Löve 
(1981), Saxena 
and Gupta 
(1969) and 
Mulligan (1984)

Table 1.1 (continued)

(continued)
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Table 1.1 (continued)

Species Origin n Reference 2n Reference

vulpiseta Central and 
South 
America

9 Sede et al. 
(2010)

36 Pensiero (1999)

18 Oliveira 
Freitas-Sacchet 
et al. (1984) and 
Oliveira 
Freitas-Sacchet 
(1980)

54 Norrmann et al. (1994)

Table reproduced and updated from Kellogg et al. (2009). Names of species follow Morrone et al. 
(2014) and Pensiero (1999) and have been updated from those in the original publications
aEstimated by flow cytometry
bLikely misidentified specimens of S. adhaerens

and S. jubiflora are the products of a single polyploidization event (Doust et al. 
2007). One of the genomes that produced the tetraploid ancestor of the two species 
also appears to be shared with S. grisebachii (diploid) and also with Stenotaphrum 
secundatum (a presumed diploid), Ixophorus unisetus (tetraploid), and Zuloagaea 
bulbosa (tetraploid). The origin of the other genome is less clear.

A handful of published chromosome counts appear to have a base number other than 
x = 9 (Table 1.1). One accession of S. homonyma is reported to have n = 10 (Singh and 
Gupta 1977), one accession of S. sphacelata is apparently n = 18 + 1B (Dujardin 1978); 
chromosome spreads are illustrated in both papers, and the counts appear accurate, 
although Singh and Gupta acknowledge that the S. homonyma count might be 9 + 1B. An 
accession of S. sulcata may have n = 16 and 2n = 32 (Oliveira Freitas-Sacchet et al. 1984; 
Oliveira Freitas-Sacchet 1980), but the count is not documented photographically.

1.2.2  The Temperate Asian Clade

The annual species Setaria italica, S. viridis, S. faberi, and S. verticillata form a 
clade in chloroplast phylogenies (Kellogg et al. 2009; Layton and Kellogg 2014) 
and in phylogenies using the nuclear genes encoding knotted1 and 5S rDNA (Zhao 
et al. 2013; Layton and Kellogg 2014; Doust et al. 2007) (Fig. 1.4). S. viridis is the 
wild ancestor of the cultivated species S. italica, as documented by data from many 
sources, and the two remain interfertile (Le Thierry d’Ennequin et al. 2000; Hunt 
et al. 2008; Hirano et al. 2011; Darmency et al. 1987; Shi et al. 2008; Huang et al. 
2014). This relationship is discussed more extensively in the chapters by Jia (Chap. 
2), Huang and Feldman (Chap. 3), and Diao and Jia (Chap. 4) in this book.

The diploid genome of S. italica was designated as the A genome by Li et al. 
(1945); diploid S. viridis shares the A genome with S. italica, as verified by hybrid 
fertility, and cytogenomic, enzymatic, and molecular markers (Li et al. 1945; Wang 
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et al. 1998; Benabdelmouna et al. 2001a, b; Darmency and Pernes 1987). The dip-
loid genome of S. adhaerens is distinct from that of S. viridis and S. italica and has 
been designated as the B genome by Benabdelmouna et al. (2001b); this designation 
has been confirmed by Wang et al. (2009) and Zhao et al. (2013). In addition, 
sequence data show that S. adhaerens and S. viridis are not closely related (Fig. 1.4) 
(Layton and Kellogg 2014). The diploid genome of S. grisebachii from America 
was identified as genome C due to its poor hybridization signals with both the A 
genome of S. viridis and the B genome of S. adhaerens (Wang et al. 2009).

A combination of molecular phylogenetics and cytogenetics has identified the 
progenitors of several polyploid taxa. Chromosomes of the tetraploid species S. 
pumila (often erroneously known as S. glauca (Morrone et al. 2014)) and S. parvi-
flora strongly cross-hybridized but no hybridization signal was detected when the 
chromosomes of these two species were hybridized with probes derived from the 
known A, B, and C genomes; thus S. pumila and S. parviflora were designated as 
having genome D (Zhao et al. 2013). Similarly, the lack of hybridization signals 
with A, B, C, and D donor genomes led to the recognition of the E genome from S. 
palmifolia and the F genome from S. arenaria (Zhao et al. 2013). (Note that S. are-
naria is a dubious name according to Morrone et al. (2014) and thus it is unclear 
what material was used by Zhao et al. (2013).) GISH also identified an apparent A 
genome autotetraploid, S. apiculata (= queenslandica). Analysis of kn1 and 5S 
rDNA sequences was consistent with the GISH results (Zhao et al. 2013).

The tetraploid S. faberi formed from an A genome (S. viridis) plus another 
genome from an unknown source closely related to S. viridis (Layton and Kellogg 
2014). S. faberi is morphologically similar to S. viridis, but in the former species the 
upper glume is slightly shorter, so that the upper 1/4–1/3 of the upper lemma is vis-
ible (Layton and Kellogg 2014). In contrast, the upper glume of S. viridis completely 
covers the upper lemma and often slightly overlaps the lower lemma at the apex of 
the spikelet. S. faberi also has macrohairs on the adaxial surface of the leaves, 
whereas the leaves of S. viridis are glabrous. In addition, S. faberi is less tolerant of 
drought than S. viridis is and often grows in more mesic habitats such as the margins 
of cultivated fields, whereas S. viridis occurs more frequently in poor soil and cracks 
in pavement (Layton and Kellogg 2014).

Tetraploids classified as S. verticillata and S. verticilliformis each have one 
genome from the diploid S. adhaerens and one from S. viridis (Benabdelmouna 
et al. 2001b). Phylogenetic data using the low-copy nuclear marker knotted1 on the 
same plant accessions confirmed the cytogenetic results, showing that S. verticillata 
and S. verticilliformis each have two loci, consistent with their ploidy level (Layton 
and Kellogg 2014). One kn1 locus is related to that of the diploid S. adhaerens and 
the other to that of the diploid S. viridis.

The phylogenetic and cytogenetic data settle confusion over the taxonomy of S. 
verticillata, S. adhaerens, and S. verticilliformis. Some authors have considered the 
three species as synonymous (Rominger 1962; Doust et al. 2007; Kellogg et al. 
2009), others have distinguished S. verticillata and S. verticilliformis but synony-
mized S. adhaerens with S. verticillata (Morrone et al. 2014), and still others main-
tain all three species as distinct (Rominger 2003). Both S. verticillata s.s. and S. 
adhaerens have retrorse prickles on the bristles, a character that is distinctive within 
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the genus and easily observed in the field because it makes the inflorescence adhere 
to clothing. Because this morphological character appears in the diploid and its 
derived polyploid, we can infer that it must be controlled by the B genome. S. 
adhaerens is distinctive in being a small plant with glabrous sheath margins and 
strigose hairs with papillose bases on the abaxial leaf surfaces. S. verticillata, in 
contrast, has sheath margins that are ciliate distally and abaxial leaf surfaces that are 
scabrous (Layton and Kellogg 2014). Some diploid chromosome numbers are 
reported for S. verticillata (Table 1.1) (Rominger 2003), but these are likely to be 
from misidentified specimens of S. adhaerens (Layton and Kellogg 2014).

S. verticilliformis, in contrast, has antrorse prickles but otherwise is morphologi-
cally indistinguishable from S. verticillata. Because of the genomic and morpho-
logical similarity of the two species, Layton and Kellogg (2014) recommend that 
the former species be placed in synonymy with the latter. They also recommend 
that S. adhaerens be recognized as a separate entity.

1.3  Summary

All organisms contain evidence of their evolutionary history and Setaria is no 
exception. Like all commelinid monocots, species of Setaria have extensive endo-
sperm in their seeds, cell walls with glucuronoarabinoxylans, lignin with p- coumaric 
and ferulic acid, and leaves that accumulate silica. Like all Poales, the leaf silica 
accumulates in the epidermis, and like members of the graminid clade, the pollen is 
monoporate with a raised ring around the pore. Setaria has dumbbell shaped 
stomatal guard cells, and alternating long and short cells in the epidermis.

Like all other grasses, Setaria has a highly differentiated embryo, including a 
large haustorial derivative of the cotyledon, the scutellum. The fruit is a caryopsis in 
which the seed coat is fused to the inner epidermis of the pericarp. The antipodals 
proliferate in the female gametophyte. Short cells of the leaf epidermis produce 
bicellular microhairs. The genome has undergone a whole genome duplication dat-
ing to the origin of the family in the late Cretaceous. Like most but not quite all 
grasses, Setaria has flowers in spikelets with more than one flower per spikelet and 
two style branches and stigmas.

Like most other panicoid grasses (i.e., those in tribes Paniceae, Paspaleae, and 
Andropogoneae), Setaria has spikelets with exactly two flowers, the upper one 
bisexual and the lower one staminate or sterile. Spikelets are dorsiventrally com-
pressed and develop basipetally. Leaf silica bodies are bilobed in surface view and 
symmetrical in cross section. Along with other members of tribe Paniceae, Setaria 
has a chromosome base number of x = 9. Members of subtribe Cenchrinae share C4 

photosynthesis of the NADP-ME subtype and a single sheath surrounding the vas-
cular bundle. The inflorescence bears sterile branches or bristles.

The genus Setaria itself has no diagnostic characters and is probably para- or 
polyphyletic as currently defined. Phylogenetic data are insufficient and not conclu-
sive. Major clades correspond to geography and do not correlate well with morphol-
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ogy. The Asian clade includes the model species S. viridis, along with its domesticated 
derivative S. italica, and its polyploid descendants S. faberi, S. verticillata, and S. 
verticilliformis.
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Chapter 2
Population Genetics and Genome-Wide 
Association Mapping of Chinese Populations 
of Foxtail Millet and Green Foxtail

Guanqing Jia

Abstract Green foxtail (Setaria viridis) and foxtail millet (Setaria italica) are new 
biological and genomic models for investigation of the biology of C4 photosynthesis 
and grass evolution. Green foxtail is the ancestor of foxtail millet, an ancient cereal of 
great importance in arid and semi-arid regions of the world, especially in China and 
India. To date, China has been recognized as the center of origin and improvement of 
foxtail millet, and over 80 % of the world’s Setaria accessions are conserved in the 
National Gene Bank of China. Assessment of germplasm samples collected in China 
can help to reveal the domestication history and potential for improvement of cultivated 
foxtail millet. Recently, the molecular diversity, genetic structure, eco-geographical 
distribution and selection history of foxtail millet cultivars has been revealed through 
large scale germplasm characterization, genomic analysis, and genome-wide associa-
tion mapping of QTLs controlling agronomic traits. These achievements have laid the 
foundation for further exploration of functional genes controlling vital characters in 
Setaria and will be powerful tools for improved marker-assisted breeding of foxtail mil-
let cultivars. In this chapter, recent studies on the Chinese Setaria gene pool will be 
discussed, as well as their potential for benefiting future genetic investigations in Setaria.

Keywords Setaria • Germplasm • Diversity • Structure • Domestication • Breeding 
• Genome-wide association studies (GWAS) • Quantitative trait loci (QTL)

2.1  Introduction

According to recent archeological evidence, foxtail millet (Setaria italica) has been 
domesticated and grown for harvesting grains as food in North China for over 11,500 
years (Lu et al. 2009; Yang et al. 2012). As one of the oldest cereals cultivated 
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widely in China, large numbers of foxtail millet variants have emerged since 
domestication. To date, over 27,500 accessions of foxtail millet collected from China 
have been conserved in the National Gene Bank of China, operated by the Chinese 
Academy of Agricultural Sciences (CAAS). China is also the center of foxtail millet 
crop production and contributes over 80 % of the global grain yield of this ancient 
cereal. For a long time, China has been the main region where most foxtail millet 
improvement has been conducted, despite the fact that basic research in Setaria has 
been carried out recently in a number of countries across the world (Doust et al. 
2009; Li and Brutnell 2011; Diao et al. 2014).

Evaluation and identification of genetic diversity and population structure of 
germplasm accessions is pivotal for resource management and hybrid breeding of 
foxtail millet. In addition, association mapping of Quantitative-Trait-Loci (QTLs) 
controlling agronomically important traits through Genome-Wide-Association- 
Studies (GWAS) can provide more opportunities for breeders to characterize genetic 
backgrounds and to pyramid favorable traits by molecular marker approaches.

This chapter describes the diversity and structure of Chinese Setaria accessions, 
including landraces, improved cultivars, and wild relatives, together with an over-
view of molecular and genetic analyses to identify genomic regions contributing to 
important morphological traits in foxtail millet. Finally, conclusions and research 
perspectives will be presented, especially in the context of the rapid development of 
a new generation of high-throughput genome re-sequencing technologies.

2.2  Diversity and Structure of Chinese Setaria Accessions

The first-generation haplotype map of genomic variants of foxtail millet was 
constructed through genome re-sequencing of 916 accessions of foxtail millet lines 
(Jia et al. 2013a). Sequence diversity (π) of cultivated Setaria accessions was esti-
mated to be ~0.0010, which is comparable to the diversity of indica (~0.0016) and 
japonica (~0.0006) subspecies of rice (Oryza sativa). The population structure of 
Chinese Setaria accessions (including both landraces and improved elite cultivars) 
is highly consistent with the geographic distribution of eco-regions in China. Two 
divergent subgroups, Part 1 and Part 2, which include accessions sourced from north 
China and south China respectively, are inferred by phylogenic analysis (Jia et al. 
2013a). Linkage disequilibrium (LD) decay rate in foxtail millet is ~100 Kb on 
average, similar to cultivated rice (Huang et al. 2010) and sorghum (Sorghum 
bicolor) (Morris et al. 2013), which are also self-pollinated organisms.

2.2.1  Landraces

A landrace is a kind of locally adapted variety domesticated from wild species of 
animals or plants, by long-term human or environmental selection and population 
isolation. Landraces usually display a high level of diversity in morphological 
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phenotypes, physiological characters, agronomic traits, and even genomic 
sequences. In China, prehistoric remains chart the long history of foxtail millet 
domestication. In northern China, the domestication of foxtail millet was initiated 
11,500 years ago and was the predominant food crop until 4,000 years ago (Lu et al. 
2005). The area under cultivation continued to increase up until the 1950s. There 
exist ancient agricultural documents that list foxtail millet as an important cereal 
food crop, and several officials in the Qing and Ming dynasties in China were des-
ignated as “officers of foxtail millet management” (Cao 1986).

The diversity of foxtail millet landraces is the result of conscious selection by 
farmers for specific phenotypes for harvesting and sowing, including (1) Higher 
yield potential; (2) Better biotic and abiotic stress tolerance, good adaptability, and 
lodging resistance; (3) Suitability for local farming environmental conditions and 
for intercropping; and (4) Good quality of kernel/grain ratio (ratio of milled grain to 
harvested grain), and better nutrition and flavor (Li and Wu 1996).

According to a morphological analysis of accessions conserved in the Chinese 
national gene bank reported by Li et al. (1995), foxtail millet landraces sourced from 
different eco-regions of China are very diverse. Landraces differed in all measured 
morphological traits (Table 2.1). Overall, grain dry weight and number of tillers were 
more variable (exhibited a higher Coefficient of Variation, CV) than other traits. For 
landraces collected from other countries, grain dry weight and number of tillers also 
exhibited a higher level of phenotypic variation. In terms of yield- related characters, 
Chinese landraces produced a higher level of grain yield in field production, but 
crude protein contents of Chinese landraces were lower than traditional cultivars 
sampled from other countries. Reddy et al. (2006) reported on the morphological 
diversity of foxtail millet germplasm collections conserved at the International Crops 
Research Institute for Semi-Arid Tropics (ICRISAT) in India and showed that there 
was more variation among landraces sampled from China than among landraces 
sampled from any other country. Overall, however, variation among landraces out-
side China was greater than that within China (Table 2.1), which may be due to fewer 
number of samples collected and conserved in other countries (Li et al. 1995).

The genetic diversity of foxtail millet landraces was analyzed by Jusuf and Pernes 
(1985) using ten isozymic polymorphic loci. Their results suggested that China has 
the highest level of molecular diversity for the species. RAPD markers (Li et al. 
1998; Schontz and Rether 1999), AFLP markers (Le Thierry d’Ennequin et al. 2000), 
and ISSR markers (Li et al. 2012) have also been utilized for foxtail millet landrace 
diversity analysis. Jia et al. (2009) characterized genetic diversity of 40 foxtail millet 
landraces sourced from China using SSR markers. Van et al. (2008) detected the LD 
extent in Waxy gene sequences from a set of a worldwide  collections of foxtail mil-
let, and Wang et al. (2010) analyzed extent of LD in nine selected genomic fragments 
from 50 landrace accessions, with both studies revealing low levels of LD in foxtail 
millet. A report of population structure analysis by transposon display (TD) classi-
fied foxtail millet landraces into eight clusters that are linked closely to geography 
and suggest a monophyletic origin of foxtail millet domestication (Hirano et al. 
2011). In recent studies reported by Wang et al. (2012), a total of 250 representative 
foxtail millet landraces collected from China were sampled for population genetic 
analysis using microsatellite markers. For each SSR locus, an average of 20.9 alleles 
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Table 2.1 Mean values of quantitative traits of foxtail millet landraces sourced from China and 
other countries

Province/
country Till

Hgt 
(cm)

CulD 
(cm) Node#

PanL 
(cm)

DaysM 
(day)

DWP 
(g)

DW1000 
(g) Prot (%)

Anhui 1.5 154.1 0.50 16.0 20.0 107.0 11.5 2.68 13.00

Beijing 1.4 139.0 0.67 15.0 24.0 105.3 10.8 2.68 14.32

Fujian 1.0 170.9 0.60 18.2 27.9 124.0 14.5 1.10 11.45

Guangdong 2.4 123.7 0.66 16.7 24.8 129.0 5.2 1.57 16.04

Guangxi 1.1 140.3 0.70 23.4 21.7 112.8 3.8 2.14 13.20

Guizhou 1.8 147.3 0.67 16.0 23.3 119.7 7.9 2.25 16.22

Hebei 2.5 131.8 0.70 17.4 21.0 111.8 11.9 2.63 14.00

Henan 2.2 131.4 0.66 13.8 20.9 116.4 11.1 2.52 15.12

Hunan 2.2 129.4 0.70 16.9 23.5 127.0 10.4 1.63 15.10

Jiangsu 1.7 113.4 0.70 14.4 18.4 110.0 10.1 2.60 14.30

Shaanxi 1.3 138.8 0.75 14.4 24.9 123.3 9.1 2.71 15.42

Shandong 2.0 130.4 0.67 14.7 21.5 113.8 12.0 2.70 13.94

Shanxi 1.2 132.4 0.73 13.9 25.0 117.1 10.1 2.97 15.19

Xinjiang 2.4 113.8 0.47 12.3 27.0 95.4 5.3 2.86 17.36

Yunnan 1.4 122.8 0.42 12.8 18.7 98.7 5.3 1.57 15.04

Zhejiang 1.4 121.1 0.70 12.3 21.2 94.5 9.6 2.34 14.96

Average 1.7 133.8 0.64 15.5 22.7 112.9 9.3 2.31 14.67

CV% 29.22 11.10 15.00 17.75 12.19 9.47 32.30 24.00 9.56

Afghanistan 6.4 74.4 0.27 9.1 10.1 90.7 2.6 2.43 15.33

Albania 1.1 132.9 0.50 11.5 26.1 108.0 5.0 2.50 15.06

Australia 2.9 96.1 0.37 8.3 14.9 97.7 5.9 2.60 16.48

Bulgaria 2.6 121.3 0.40 11.1 16.6 105.0 5.0 2.02 19.58

Denmark 1.6 102.4 0.30 8.8 16.1 85.0 2.7 2.40 14.22

Finland 1.1 70.0 0.30 8.4 17.5 90.0 1.3 2.04 17.37

France 1.0 121.0 0.42 11.9 26.0 96.2 3.8 2.45 15.94

Hungary 2.1 110.1 0.48 10.1 13.6 94.3 3.6 2.55 17.79

India 4.4 137.0 0.53 16.7 17.1 120.0 6.5 2.29 16.54

Iran 4.3 83.6 0.30 10.8 12.5 90.0 2.4 2.40 15.78

Italy 1.0 132.0 0.50 12.5 24.5 111.0 8.0 2.88 17.27

Japan 1.4 136.3 0.68 15.3 23.6 114.4 11.3 2.23 14.66

Kenya 4.2 146.7 0.54 16.5 17.9 115.6 8.1 2.23 16.44

Korea 1.4 137.2 0.60 13.4 24.5 105.1 9.2 2.32 14.58

Lebanon 16.8 70.8 0.26 11.0 7.6 99.8 2.5 2.04 16.18

Nepal 1.2 120.8 0.35 13.0 19.6 112.0 2.6 2.18 16.89

Netherlands 1.7 117.4 0.60 12.3 19.8 93.9 6.1 2.62 17.56

Poland 3.5 73.6 0.30 8.2 9.1 90.0 2.7 2.39 15.63

Romania 2.8 104.1 0.50 9.6 18.4 93.0 6.0 2.55 15.53

Russia 2.3 94.3 0.38 9.8 19.8 89.2 4.9 2.41 16.23

South Africa 5.4 153.1 0.50 16.5 17.4 117.0 7.8 2.40 18.81

USA 4.3 128.5 0.52 15.0 15.9 114.0 6.1 2.45 15.78

(continued)
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were identified, which suggest highly diversified genomic variants within and among 
Chinese ecotypes. Four subpopulations (Fig. 2.1) were inferred, corresponding to the 
early-spring sowing region (northeast Heilongjiang province, where foxtail millet is 
sowed in late April or early May annually), spring sowing region (Shanxi, Shannxi, 
Inner Mongolia, Gansu, Ningxia, Xianjiang, and western part of Jilin and Liaoning 
provinces, where foxtail millet is sowed in May), summer and spring sowing region 
(Henan, Hebei, Shandong, Beijing, Tianjin, and connected parts of Jiangsu, Liaoning 

Table 2.1 (continued)

Province/
country Till

Hgt 
(cm)

CulD 
(cm) Node#

PanL 
(cm)

DaysM 
(day)

DWP 
(g)

DW1000 
(g) Prot (%)

Average 3.3 111.9 0.4 11.8 17.6 101.4 5.2 2.4 16.3

CV% 101.39 23.06 27.72 23.55 29.56 10.83 50.08 8.69 8.17

Modified from Li et al. (1995)
Abbreviations: Till number of tillers including main culm, Hgt plant height to panicle base, CulD 
diameter of main culm base at maturity, Node# visible node number of main culm, PanL length of 
main panicle, DaysM days from emergence to maturity, DWP grain dry weight per plant including 
tillers, DW1000 1000-grain dry weight, Prot crude protein content, CV% coefficient of variation 
(= standard deviation divided by the mean) × 100 %

Fig. 2.1 Geographical distributions of subpopulations of Chinese foxtail millet landraces. Black 
triangle—SCR Group (all provinces south of Qinling Mountain); black circle—SSSR Group 
(Henan, Hebei, Shandong, Beijing, Tianjin, and connected parts of Jiangsu, Liaoning, and Jilin 
provinces); black square—SR Group (Shanxi, Shannxi, Inner Mongolia, Gansu, Ningxia, 
Xianjiang, and western part of Jilin and Liaoning provinces); black hexagon—ESR Group (north-
east Heilongjiang province). The Yellow River valley is marked a grey broken line (modified from 
Wang et al. 2012)

2 Population Genetics and Genome-Wide Association Mapping...



34

and Jilin provinces, where foxtail millet can be sowed from late April to early July), 
and southern china region (all provinces south of Qinling Mountain, where foxtail 
millet can be sowed even in late summer and early autumn). The highest level of 
molecular diversity was detected in accessions grouped into subpopulations sourced 
from eco-regions around the Yellow River valley in north China.

2.2.2  Elite Varieties

China is considered as the center of foxtail millet production and most crop improve-
ment efforts. Since the 1950s, over 550 foxtail millet elite varieties developed by 
more than 40 breeding programs were released and registered with local and 
national authorities in China. According to studies by Jia et al. (2013a), phenotypic 
changes involved in modern breeding of foxtail millet include yield-related traits 
such as grain yield per plant, grain yield per main stem, panicle weight per main 
stem, panicle weight per plant, 1000-grain weight, and number of total panicles per 
plant. Using microsatellite markers, Jia et al. (2015) sampled 348 accessions and 
detected an average of 17.9 allele number per locus in Chinese elite varieties.

Two clear subgroups, designated as spring-sowing and summer-sowing types, 
were identified by Jia et al. (2015). These correspond to the eco-regions of the two 
main foxtail millet production areas in China. In addition, analyses of subgroups 
associated with breeding histories, breeding preference, and planting configuration 
indicated that the genetic background of most elite varieties released in recent years 
was from summer-sowing ecotypes, as a result of the response of breeders to the 
recent increase of the multi-cropping index (number of crops that can be sown and 
harvested in a year) in China (Xin et al. 2009).

The spring-sowing cluster is comprised of varieties developed prior to the 1980s, 
of which most are not currently used in grain production. The summer-sowing cluster 
is composed of elite varieties that were mostly developed after the 1980s. Elite vari-
eties in the spring-sowing cluster possess higher levels of genetic diversity com-
pared to those in the summer-sowing cluster, and varieties from the same breeding 
programs and similar eco-environmental conditions tend to be more closely related. 
Chinese foxtail millet elite varieties released by breeding programs conducted in 
Shanxi and Jilin provinces were dissimilar from most other lines, suggesting that 
unique germplasm was incorporated into these breeding programs (Jia et al. 2015).

2.2.3  Wild Relatives

Green foxtail (Setaria viridis), the ancestor and wild relative of cultivated foxtail 
millet, is distributed worldwide. To date, little morphological research on the 
diversity of Chinese green foxtail populations has been published. Investigations of 
genetic diversity of Chinese green foxtail accessions using transposon display 
(Hirano et al. 2011), intersimple sequence repeat (Li et al. 2012), and amplified 
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fragment length polymorphism markers (Le Thierry d’Ennequin et al. 2000) have 
found very high levels of molecular diversity. Green foxtail is also becoming a 
model for functional genomics studies, focusing on abiotic stress tolerance (Qie 
et al. 2014), crop domestication (Doust et al. 2014), and grass evolution (Doust et al. 
2009). The well-studied green foxtail accession A10 that has been used as model for 
morphological development and C4 photosynthesis research was collected in 
Canada, but is no doubt originally from China (Brutnell et al. 2010; Li and Brutnell 
2011; Bennetzen et al. 2012; Caemmerer et al. 2012).

Genetic characterization of DNA sequence polymorphisms from green foxtail 
germplasm is pivotal for analyzing domestication, evolution, and potential for 
breeding in this wild grass species (Huang et al. 2014). In the analysis reported by 
Jia et al. (2013b), the microsatellite diversity of Chinese green foxtail accessions is 
50 % higher than cultivated foxtail millet, with an average of 33.5 alleles per locus. 
Subclusters in the south and north are inferred according to eco-geographical 
regions designated in China, and higher molecular diversity was found in the north-
ern subcluster. Phylogenetic studies of both Chinese foxtail millet and green foxtail 
samples also suggest that North China may be the first domestication center, or at 
least one of the oldest locations for cultivation of this ancient cereal crop. Genetic 
introgression analysis illustrates lower levels of gene flow within green foxtail sub-
clusters coupling with higher frequency of introgressions between cultivated and 
wild Chinese Setaria accessions (Fig. 2.2). Similar results were also detected by 
Wang et al. (2010) through re-sequencing of nine genomic regions in both wild and 
cultivated Setaria samples. Decay of LD was found to be faster in S. viridis than S. 
italica (Wang et al. 2012), which is consistent with higher rates of cross pollination 

Fig. 2.2 Gene flow 
identified by Nm inferred 
from classical F test within 
and between green foxtail 
and foxtail millet landraces 
(modified from Jia et al. 
2013b)
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within wild Setaria accessions. Using high density SNPs markers, Huang et al. 
(2014) also detected a decline in LD decay distance (<45 Kb) compared with that of 
cultivated Setaria accessions (~100 Kb) (Jia et al. 2013a).

Using simulation analysis (Wang et al. 2010), a low level of gene flow from cul-
tivated landraces to wild relatives was detected, but the reverse process was even 
smaller. Gene flow between S. italica and S. viridis was also identified through 
microsatellite analysis (Jia et al. 2013b) and introgressions of herbicide-resistant 
genes detected in the field (Shi et al. 2008). These observations illustrate that under 
long-term intensive human selection, alleles transferred from wild green foxtail to 
cultivated foxtail millet were mostly eliminated, but genes introgressed into the wild 
relatives might be retained at a higher level, as evidenced by many weedy types 
(labeled as “giant foxtail”) that are morphologically similar to cultivated foxtail mil-
let in and around foxtail millet fields (Li et al. 1942, 1945).

2.3  Selection Bottlenecks

Domestication and improvement of ancient cereal crops always leads to a dramatic 
decline in morphological diversity and genetic polymorphisms. Characteristics like 
loss of shattering, less tillering, plant height variation, and grain yield improvement 
have been widely identified in crop species such as rice, wheat, maize, barley, etc. 
For Setaria, morphological changes from the wild green foxtail to cultivated landraces 
include larger panicles, higher grain yield, less tillering/branching, longer period of 
flowering, loss of seed shattering and dormancy, and variation in biotic/abiotic 
stress tolerance, etc. (Doust et al. 2004, 2005, 2014; Brutnell et al. 2010; Mauro- 
Herrera et al. 2013; Qie et al. 2014; Mauro-Herrera and Doust 2016).

Through re-sequencing of nine genomic regions of wild and cultivated Setaria, 
Wang et al. (2010) reported a 55 % loss of nucleotide diversity from wild relatives 
to cultivated Setaria accessions. To date, only one candidate gene (Si037789m) has 
been identified for the control of seed shattering in Setaria, based on comparative 
genetic analysis (Lin et al. 2012) and an 855-bp insertion or deletion in coding 
regions confirmed between Setaria italica and Setaria viridis (Jia et al. 2013a). 
Furthermore, several candidate loci involved in controlling branching (Doust et al. 
2004; Mauro-Herrera and Doust 2016), panicle formation (Doust et al. 2005), and 
flowering time (Mauro-Herrera et al. 2013; Doust et al. 2014) have been identified 
in Setaria by QTL mapping analysis (see Chap. 12).

Marked changes have also been observed between Chinese traditional landraces 
and modern cultivars, especially in yield and morphological traits such as panicle 
weight, tiller number, hull color, and leaf angle. A total of 36 genomic regions 
 corresponding to improvement of elite Setaria varieties have been characterized, but 
no genes have yet been identified (Jia et al. 2013a).

Genetic bottlenecks between wild relatives, landraces, and elite varieties have 
also been detected by microsatellite variation (Wang et al. 2012; Jia et al. 2013b, 
2015). Studies using the same set of SSR markers identified an average of 33.5 
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alleles per locus in Chinese green foxtail, 20.9 alleles per locus in Chinese foxtail 
millet landraces, and 17.8 alleles per locus in Chinese elite foxtail millet varieties. 
This result is consistent with a loss of genetic diversity between landrace and elite 
gene pools as a result of two levels of genetic bottlenecks during the development 
of modern foxtail millet elite varieties in China. Selection for the domestication of 
green foxtail appears to be stronger than that for the improvement of cultivated 
foxtail millet (Fig. 2.3). Genomic regions contributing to the domestication process 
of Setaria have also received attention in recent years (Doust et al. 2014). For elite 
varieties, selective sweep regions of foxtail millet improvement are ~200 Kb in 
average, and selective pressures are modest (the largest πl/πm value is 6), comparable 
to what has been observed in maize (Zea mays) (Jia et al. 2013a).

2.4  QTLs Revealed by GWAS

Quantitative trait loci (QTLs) are genomic regions containing or linked to genes con-
trolling or involved in a quantitative trait. Mapping of QTLs is an important first step 
for functional gene isolation, metabolic pathway construction, and marker- assisted 
selection (MAS), as well as pyramiding of target phenotypes in breeding programs. 
In foxtail millet, recombinant segregating population-based linkage analysis (Doust 
et al. 2004, 2005, 2014; Mauro-Herrera et al. 2013; Qie et al. 2014; Mauro-Herrera 
and Doust 2016) and natural accession-based association analysis (Jia et al. 2013a, 
2015; Gupta et al. 2014) have been used to localize QTLs into specific genomic 
regions that are involved with phenotypes. Over 900 QTLs (Table 2.2) controlling 47 
agronomical important characters have been identified under diverse environmental 
conditions by GWAS, using over a million SNPs and microsatellite markers (Jia et al. 
2013a, 2015; Gupta et al. 2014).

Fig. 2.3 Selective bottlenecks detected in Setaria. Allele and genotype no. (a) and gene diversity, 
PIC values, and heterozygosity (b) per locus detected in three panels of Setaria gene pools (modi-
fied from Jia et al. 2015)
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Results of QTL mapping suggest that several coloration-related traits are 
controlled by Mendelian genes, but that other quantitative traits including yield 
components, disease resistance, growth time, and morphological development are 
controlled by a number of genomic regions with diverse minor effects. Association 
mapping analysis also suggests that most marker and phenotype associations were 
environment-specific and only acted on a single trait (Jia et al. 2015). Venn plot 
analysis of QTLs identified under different environmental conditions (Jia et al. 
2013a) implied that a majority of morphological characters were closely related to 
locally adapted responses in Setaria to various climatic and ecological environ-
ments, so that Setaria can potentially be used as the complementary model to 
Arabidopsis for future ecological genomics studies.

2.5  Perspectives

Domestication and breeding processes have profoundly influenced the genetic 
diversity and population structure present in Setaria. Understanding the genetic 
basis of domestication and phenotypic variation in Setaria can help us efficiently 
utilize these genetic resources for variety improvement and relevant biological 
studies including C4 photosynthesis, stress tolerance, plant architecture, and panicle 
development.

Morphological and genetic diversity detected in Setaria germplasm suggests 
that the sequence diversity (π) of cultivated Setaria accessions is approximately 
~0.0010, on a similar scale to that found in rice. A high level of diversity and the 
ability of Setaria to adapt to extreme local environments will make Setaria an 
attractive model for agronomic studies of crop species like maize (Zea mays), 
wheat (Triticum aestivum), barley (Hordeum vulgare), sorghum (Sorghum bicolor), 
switchgrass (Panicum virgatum), and oat (Avena sativa).

Genome variations in Setaria can be characterized by genotyping each individual 
accession. Recently, many kinds of molecular markers have been developed in 
Setaria (Jia et al. 2009; Yadav et al. 2015; B et al. 2013; Zhang et al. 2014; Pandey 
et al. 2013; Muthamilarasan et al. 2014; Gupta et al. 2012; Wang et al. 1998; Gale 
and Devos 1998). New generations of genotyping technologies (Sequencing- based 
genotyping, genotyping by sequencing, RNA-seq-based genotyping, Exon- 
sequencing- based genotyping, etc.) have also been developed in recent years 
(Huang and Han 2014), including a low coverage whole-genome re-sequencing 
method for analyzing the origin and domestication of rice (Huang et al. 2012) and 
construction of haplotype maps in rice (Huang et al. 2010) and Setaria (Jia et al. 
2013a). We believe that these genomic approaches will continue to reveal variabil-
ity in the genetic architecture of valuable traits in Setaria in the future. Likewise, 
with continued significant decreases in sequencing costs, we can predict that more 
and more such sequencing data sets will be available to facilitate GWAS and domes-
tication studies in Setaria.

2 Population Genetics and Genome-Wide Association Mapping...
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Chapter 3
Genetic Diversity and Geographic Distribution 
of North American Setaria viridis Populations

Pu Huang and Maximillian Feldman

Abstract Setaria viridis is an emerging model system that is used to study C4 pho-
tosynthesis and many other traits relating to agricultural productivity of panicoid 
grain crops and bioenergy grasses. Originally from China, naturalized populations of 
S. viridis are widely distributed in North America and contain a high degree of 
genetic and phenotypic diversity. In this chapter, we estimate the distribution range 
of S. viridis in North America using a climate-based species distribution model. We 
then summarize some recent advances in understanding the genetic diversity, popu-
lation structure, linkage disequilibrium, and biogeography of North American S. viri-
dis populations. We further expound upon the necessity of expanding germplasm 
collections of S. viridis, our own ongoing collection efforts, and some of the sequence 
and germplasm resources currently being generated. Finally, we discuss utilizing 
these tools as a means for genetic dissection of complex traits, potential opportunities 
for gene discovery, and how our understanding of the natural variation in S. viridis 
populations will make agriculture a more productive and sustainable industry.

Keywords Setaria viridis • North America • Genetic variation • Species distribution 
modeling • Green foxtail

3.1  Setaria viridis, From a Weed to a Genetic Model

Green foxtail (Setaria viridis) is widely recognized as the direct wild ancestor and a 
crucial germplasm pool for the agricultural crop species foxtail millet (S. italica) in 
Asia and Europe (Barton et al. 2009; Wang et al. 2010). In North America, where fox-
tail millet is not a major crop, S. viridis (among a few other Setaria species) is most 
commonly recognized as a major invasive weed in corn and soybean fields (Wang et al. 
1995; Délye et al. 2002; Dekker 2003). Accordingly, understanding the ecology and 
genetics of weed control traits in S. viridis has been a major focus of scientific inquiry 
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in recent years. Several studies have described the geographic origin of the weedy S. 
viridis populations in North America, including weed adaptation- related life history 
traits that enable rapid colonization of new territories and herbicide resistance (Dekker 
2003). Among them, the genetic basis of herbicide resistance in S. viridis has been 
studied in most detail and candidate genes such as acetyl-CoA carboxylase have been 
identified (Délye et al. 2002, Darmency et al. chapter 15).

More recently, there has been a major shift in the focus on S. viridis in the scientific 
literature. The success and limitations of Arabidopsis thaliana as a model plant have led 
to the development of Setaria viridis as a model system for C4 panicoid food crops 
(e.g. maize, sorghum, and sugarcane) and bioenergy grasses (e.g. switchgrass and 
Miscanthus) (Bennetzen et al. 2012; Brutnell et al. 2010, 2015; Doust et al. 2009). This 
new and exciting development has led to two important shifts in S. viridis research. 
First, the focus of interest has expanded from weed-related traits to include traits that 
determine agricultural productivity (e.g. photosynthetic efficiency, plant size/architec-
ture, physiology, and abiotic stress tolerance). A majority of these traits exhibit a more 
complex genetic architecture than herbicide resistance (Brutnell et al. 2015; Doust et al. 
2004). Second, detailed genetic dissection of traits in S. viridis is becoming increasingly 
more approachable with NextGen sequencing technologies. Thorough characterization 
of the genetic, physiological, and developmental mechanisms of trait variation in S. 
viridis can help define the potential trait value space, while additionally providing new 
leads for the manipulation of a trait. Understanding how such parameters influence 
agronomic traits in S. viridis will greatly improve the probability of successful transla-
tion of applications into economically important food and bioenergy crops (Brutnell 
et al. 2010). The success of these research efforts relies heavily on the development of 
new genetic tools and resources in this emerging model system. From the beginning of 
this decade, a wave of resource development has been building momentum. Techniques 
include standardized methods to perform genetic crosses, plant transformation, and 
development of RIL populations, as discussed in Chaps 10–12 and 19–21 of this book 
(Bennetzen et al. 2012; Brutnell et al. 2010, 2015; Huang et al. 2014; Jiang et al. 2013; 
Sebastian et al. 2014). The focus of this chapter, distribution and variation of natural 
populations of S. viridis in North America, is one component among these resources 
that is currently in a stage of rapid development. For simplicity, we refer to all natural-
ized, self-sustaining, and locally adapted S. viridis populations as “natural populations”, 
regardless of their status as native, introduced, or invasive. They are distinguished from 
“mutant populations” which are created by artificial mutagenesis.

3.2  Natural Populations as a Source of Deep Genetic 
Variation

There are many salient reasons to study natural populations. Perhaps the most 
important is the vast amount of phenotypic and genetic variation that is main-
tained within these populations. While classical genetic approaches aim to 
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generate mutants with desired phenotypes or genotypes to study, evolution within 
natural populations provides massive amounts of standing variation. This is espe-
cially true for a widely distributed species like S. viridis (Figs. 3.1 and 3.2). As 
one of the most successful invasive plant species on Earth (Dekker 2003), S. 
viridis inhabits locations exhibiting large variance within multiple environmental 
variables (annual precipitation, temperature range, soil reactivity, etc.; Fig. 3.3). 
Based on this fact and results from studies performed with other plant species 
(Fournier-Level et al. 2011; Hancock et al. 2011; Long et al. 2013), it is tempting 
to speculate that colonization of such diverse environments is the result of genetic 
adaptation. Studying the mechanisms of adaptation within local populations will 
greatly improve our understanding of the solutions evolution has converged upon 
in response to environmental challenges. This knowledge may potentially trans-
late to improvements in productivity and/or sustainability of related agricultural 
crops. For example, it is probably more likely to find a drought-resistant acces-
sion in regions with low annual precipitation than in regions with a wetter cli-
mate. Examining signatures of local adaptation to these environmental factors 
may identify genes contributing to these traits of interest (Fournier-Level et al. 
2011; Hancock et al. 2011; Bergelson and Roux 2010; Evans et al. 2014; Wilson 
et al. 2015).

At the molecular genetic level, it is apparent that vast amounts of sequence 
variation persist in natural populations of S. viridis (Huang et al. 2014; Jia et al. 
2013a). One advantage of exploring natural populations is that a small number of 
individuals capture a large number of polymorphisms relative to the number 
found in chemical mutagenesis populations. For example, in a panel of 144 
diverse S. viridis accessions, there are on average 1200 nonsynonymous muta-
tions per accession compared to the reference accession A10.1, while in a 
mutagenesis population of the same size there are less than 150 nonsynonymous 
mutations per mutant line (Huang et al. unpublished data). Accordingly, natural 
variation offers a powerful complement to mutagenesis, where the number of 
polymorphisms scales approximately linearly with the population size (Jiang 
et al. personal communication).

In addition, high levels of genetic diversity not only provide potential for 
variable phenotypes, but also densely spaced genetic markers to effectively 
detect recombination events. This is an important prerequisite to genome-wide 
association studies (GWAS). GWAS test the association between existing genetic 
polymorphisms and phenotypic variation in natural populations to identify 
genomic regions (QTLs) that are responsible for phenotypic variance within the 
population. Compared to the traditional linkage mapping (QTL mapping) 
approach, existing historical recombination in natural populations allows GWAS 
to achieve a much higher mapping resolution, sometimes down to single gene 
level (Fournier-Level et al. 2011; Evans et al. 2014; Jia et al. 2013b). The genera-
tion of high-density genetic markers is becoming increasingly feasible due to 
development of new low- cost sequencing technologies. As such, GWAS is 
becoming a widely used approach to resolve phenotype–genotype relationships 
and guide gene discovery. Understanding the existing genetic variation in natural 
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Fig. 3.1 Collecting locality and species distribution modeling of North American S. viridis. Open 
circles indicate known collecting localities of S. viridis accessions. The shadow regions show the 
probable distribution range of S. viridis. Darker color corresponds to higher probability of 
occurrence

Fig. 3.2 Morphological diversity in panicle shape and color
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populations is also important to control for factors leading to false positive hits 
in GWAS, such as population structure and long range linkage disequilibrium 
(Brachi et al. 2011).

3.3  A Species Distribution Model for North  
American S. viridis

One of the first steps to understand natural variation within S. viridis is to define 
its distribution range. This information provides guidelines for allocating 
resources during field collection efforts and may identify environmental trends 
that influence species habitat preference. Many herbarium records and on-line 
databases are available for S. viridis that can help guide further collection efforts 
(e.g. USDA http://plants.usda.gov/; GBIF http://www.gbif.org/; TROPICOS 
http://www.tropicos.org/). These databases provide crucial basic information 
about where to find S. viridis. However, due to a few inevitable problems these 
database resources should be used with caution. One of the major potential pit-
falls is that specimens are sometimes mistakenly identified, due to the high 
resemblance between S. viridis and closely related Setaria species, such as S. 
faberi and S. pumila. Secondly, estimations of species distribution range may 
prove inaccurate due to uneven spatial distribution of collection efforts (e.g. 
false non-occurrence due to under sampling). Finally, in some cases distribution 
maps are not precisely geo-referenced with longitude/latitude coordinates, and 
thus may not be detailed enough to guide collections or infer climate characteristics.

Fig. 3.3 Distribution of soil pH and five climatic variables at collection sites. (a) soil pH, (b) 
maximum temperature of warmest month, (c) temperature seasonality, (d) mean temperature of 
coldest quarter, (e) mean temperature of warmest quarter, (f) precipitation of warmest quarter
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Since proposing S. viridis as a model system, several groups have contributed 
germplasm to build a diversity panel of S. viridis ecotypes spanning North 
America (Huang et al. 2014; Huang et al. unpublished data). The species identi-
ties of most of these accessions have been verified through detailed examination 
of their morphology as well as through molecular genetic sequencing tech-
niques. Summarizing the collections from our own collection efforts, as well as 
those kindly shared by various collaborators, a detailed distribution map of S. 
viridis in North America (Fig. 3.1) can be generated using a species distribution 
model (SDM) approach (Elith and Leathwick 2009; Phillips and Dudík 2008). 
This distribution map provides a quantitative measure of the probability of 
occurrence for North American S. viridis. From this distribution map, there are 
a few general conclusions. First, S. viridis is widely distributed in North 
America, but its distribution is not uniform. The central plains area of North 
America hosts the largest continuous S. viridis distribution. Second, S. viridis 
tends not to occur in high altitude regions (above ~2500 m), particularly within 
high altitude regions of the western US (Montana, Idaho, Wyoming, and 
Colorado; Fig. 3.1). Third, North American S. viridis is not found frequently in 
the southern US regions below latitude of 30°N (discussed below). There also 
seems to be a northern boundary of the species distribution in Southern Canada. 
However, the actual species distribution range potentially extends further north, 
as the collection effort in Canada remains localized and areas outside this region 
are likely under sampled.

SDMs have been widely used to predict the distribution range of particular 
species of interest. In this analysis, we used 19 bioclimatic variables from world-
clim ((http://www.worldclim.org/); (Hijmans et al. 2005)) and package MaxEnt 
(Elith and Leathwick 2009; Phillips and Dudík 2008) to build SDMs. The relative 
importance of different variables contributing to the SDM was also evaluated by 
MaxEnt. Using two different assessment criteria (percent contribution and per-
mutation importance; Table 3.1), variable Bio_5, or maximum temperature of 
warmest month contributed most to the SDM of North American S. viridis. This 
indicates that heat could be a primary factor limiting S. viridis distribution in the 
Southern US. This also provides an interesting contrast to distributions of S. viri-
dis from other parts of the world. Notably, in China, S. viridis seems to be distrib-
uted to the more southern latitudes (Jia et al. 2013a), indicating that the local 
populations perhaps are adapted to the more subtropical climatic conditions there.

The genetic basis of climatic adaptation has been a focus of several recent 
studies (Fournier-Level et al. 2011; Hancock et al. 2011; Evans et al. 2014). A 
number of studies have also discussed the genetic basis of climatic adaptation in 
grasses, such as maize, sorghum, and rice (Gore et al. 2009; Huang et al. 2010; 
Morris et al. 2013). However, most of these species are domesticated crops. As 
such, climatic adaptation could be confounded by human domestication efforts. 
From this perspective, S. viridis, given its wide distribution range and increasing 
genomic resources, may provide an ideal opportunity to examine climatic adap-
tations in a C4 Panicoid grass. This knowledge in turn could be further translated 
into food or energy crops, making them more sustainable and locally adapted.
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3.4  Genetic Variation in North American S. viridis 
Populations

There have been two major reports aimed at characterizing the genetic diversity 
within populations of S. viridis that inhabit North America. An early study by Wang 
et al. used 13 allozyme markers and 168 accessions of S. viridis and S. italica sam-
pled from populations spanning the globe to examine genetic diversity and popula-
tion structure (127 accessions are from North America) (Wang et al. 1995). A more 
recent study (Huang et al. 2014) used genotyping by sequencing (GBS) approach to 
examine the genome-wide genetic diversity of S. viridis and S. italica, with a 
slightly denser sampling and a more directed focus on distinct regions within North 
America (160 North American S. viridis accessions out of 217 accessions). Both 
studies revealed important and fundamental knowledge regarding the genetic diver-
sity within these populations. A summary of the major conclusions from these stud-
ies is presented below and the implications of how this understanding will guide 
future research are also discussed. However, it is worth noting that the sampling 

Table 3.1 Bioclimatic variables used to build species distribution model and their relative 
importance

Variable Interpretationa

Percent 
contributionb

Permutation 
importanceb

Bio_05 Max temperature of warmest month 50.9 32

Bio_11 Mean temperature of coldest quarter 11.1 6.5

Bio_10 Mean temperature of warmest quarter 10.3 6.8

Bio_01 Annual mean temperature 7.9 5.2

Bio_03 Isothermality 3.4 3.1

Bio_09 Mean temperature of driest quarter 2.9 5.1

Bio_04 Temperature seasonality 2.4 10.5

Bio_18 Precipitation of warmest quarter 2.4 6.1

Bio_14 Precipitation of driest month 1.6 3.6

Bio_12 Annual precipitation 1.4 3.8

Bio_07 Temperature annual range 1.2 3.7

Bio_17 Precipitation of driest quarter 1.1 2

Bio_02 Mean diurnal range 0.7 1.4

Bio_08 Mean temperature of wettest quarter 0.7 1.6

Bio_06 Min temperature of coldest month 0.5 3.9

Bio_15 Precipitation seasonality 0.4 2.9

Bio_16 Precipitation of wettest quarter 0.4 0.6

Bio_19 Precipitation of coldest quarter 0.4 1.1

Bio_13 Precipitation of wettest month 0.3 0.4
aDetailed interpretation see (Hijmans et al. 2005) and http://www.worldclim.org/
bPercent contribution means the estimated contribution of a variable to the species distribution 
model, and permutation importance means the loss of model fit if a particular variable is permuted 
randomly on landscape (Phillips and Dudík 2008)
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density of both studies encompasses only a limited representation of total regional 
germplasm due to the large distribution range of this species. It is likely that what is 
currently known represents merely a general outline of a more complex pattern of 
genetic diversity in North American S. viridis populations.

3.4.1  Genetic Diversity

To examine the genetic diversity captured in North American populations of S. 
viridis, Wang et al. compared summary statistics such as allelic richness and per-
cent polymorphic loci of S. viridis to those other weedy species (Wang et al. 1995). 
They concluded that the allozyme diversity in S. viridis is comparable but slightly 
lower than other weeds. Watterson’s θ (Watterson 1975) is one of the most com-
monly used measures of molecular genetic diversity to describe genomic sequence 
data and provides an estimate of expected heterozygosity in a population. It is cal-
culated using multiple DNA sequences alignments of multiple genetic markers 
within a species. Due to the relatively high missing data rate associated with GBS 
approaches (Beissinger et al. 2013), it is difficult to calculate a precise estimate of 
θ directly. A reanalysis of the data from a recent GBS study (Huang et al. 2014) 
shows that the genome wide estimate of Watterson’s θ for S. viridis is about 
2.5 × 10−3/base pair (bp) if one considers only the high-confidence SNPs (as listed 
in Huang et al. 2014), or about 1.6 × 10−2/bp if all SNP calls are included. Neither 
estimate is particularly precise, due to omission of true SNPs by stringent SNP fil-
tering or the inclusion of false positive SNPs to make such estimates. However, 
they provide lower and upper boundaries of the likely true estimate of θ. This range 
is, generally speaking, comparable to other crop relatives with extensive genome-
wide surveys. For example, in the maize relative teosinte, the average observed θ is 
approximately 1.2 × 10−2/bp (Wright et al. 2005), and in the rice relative Oryza 
rufipogon it is 9.62 × 10−3/bp (Huang et al. 2012a). Also, genetic analysis from both 
allozyme and SNP data show S. viridis is primarily an inbreeding species, with a 
selfing rate of about 96 % (Huang et al. 2014), in agreement with the traditional 
species descriptions.

3.4.2  Population Genetic Structure and Linkage 
Disequilibrium

Initial assessments of genetic population structure, based on results from an allo-
zyme diversity survey, have shown little overall genetic differentiation between 
Asian-European and North American S. viridis populations and a deep population 
divergence in central North America, which occurs geographically at latitude 
43.5°N (Wang et al. 1995). These findings are generally confirmed and extended by 
a more recent study (Huang et al. 2014). In particular, the more recent study 
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identified two genetic clusters (Group 1 and Group 2) separated across a north–
south geographic boundary and at least one additional genetic group that contained 
some S. italica introgression. Although the majority of these accessions are from 
China, a few North American accessions also show a genomic signature of S. italica 
introgression (Fig. 3.4a). Second, collections from the Pacific Northwest area, 
which was under-sampled in the earlier study, show a low level of differentiation 
relative to the “southern” group (Group 2), compared to their sharp distinction from 
the “northern” group (Group 1). Third, although the “typical” individuals from each 
subpopulation are very distinct from each other, there are many individuals with 
different degrees of admixture among these three groups. The admixed accessions 
tend to be positioned between their corresponding genetic groups, in both genetic 
diversity space and geographical space.

The pattern of linkage disequilibrium (LD) decay along physical distances in 
North American S. viridis is apparently highly affected by the population structure 
(Huang et al. 2014). The LD decay rate provides a general estimate of the expected 
resolution and the required marker density for GWAS. In S. viridis, LD decays rap-
idly, often within 45 kb. This is slightly larger but comparable to Arabidopsis thali-
ana, in which a few successful GWAS studies have been conducted (Fournier-Level 
et al. 2011; Hancock et al. 2011; Long et al. 2013) and where the gene density is much 
higher. The large number of admixed individuals among different subpopulations of 
S. viridis likely has contributed to this fast LD decay. However, among most acces-
sions of each subpopulation, the LD decay is near or above 100 kb. This is especially 
true in Group 2 where there are haplotype blocks spanning long physical distances.

Fig. 3.4 Genetic diversity of North American S. viridis. (a) A neighbor joining tree of a subset 
collection of 249 individuals of S. viridis and S. italica accessions using 13,819 randomly chosen 
SNP markers. Shadow area show three distinct genetic groups. The reference line A10 and S. 
italica accessions are also marked. (b) A median joining haplotype network of PEPC gene. Length 
of lines roughly corresponding to number of mutational changes between haplotypes connected. 
The colors in each pie chart correspond to the proportion of accessions that belong to certain 
genetic groups in a (highest probability of assignment)
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3.4.3  Biogeography and Demographic History

It has long been assumed that S. viridis has been introduced to North American by 
humans, likely during the post-Columbian era (Dekker 2003; Rominger 1962). A 
bottleneck followed by a range expansion scenario is a typical hypothesized demo-
graphic scenario for recently introduced invasive weeds such as S. viridis. 
Bottlenecks lead to a strong reduction of genetic diversity, and rapid range expan-
sion expands the few haplotypes across large geographic area. Over a short window 
of time, mutation rate is insufficient to recover the lost genetic diversity, and instead 
results in a low frequency of new mutations. However, the genome-wide pattern of 
polymorphism in North American S. viridis populations provides multiple lines of 
evidence at variance with this hypothetical scenario (Huang et al. 2014). First, the 
overall genetic diversity in North American S. viridis populations is high. There are 
three deeply diverged subpopulations that coexist. Secondly, these subpopulations 
show genetic proximity to S. viridis accessions that are found in different parts of 
Asia and Europe, which is an indication of multiple rather than a single introduction 
event. Finally, a single dominating long haplotype surrounded by haplotypes that 
differ in a few low frequency SNPs is not observed. Given this evidence, we suggest 
that the North American S. viridis population is not reflective of a single recent 
introduction, but rather it is likely that multiple introductions from Asia and Europe 
have occurred at multiple times, with some likely occurring pre-Columbian.

3.5  Expanding Germplasm Collections for S. viridis

Given the basic properties of North American S. viridis natural populations out-
lined above, one application of this knowledge is to devise a diversity panel of 
germplasm for GWAS. There are a few reasons why the existing collection 
described in Huang et al. (2014) is not ideal for GWAS. Notably, the current sample 
size is smaller than successful association panels in other species like A. thaliana 
(Fournier-Level et al. 2011), rice (Huang et al. 2010, 2012b), sorghum (Morris 
et al. 2013), and the domesticated relative of S. viridis, S. italica (Jia et al. 2013b). 
In addition, strong population structure generates large LD blocks decreasing the 
resolution and effective sample size. The detection power may also be affected by 
the effects of the very different genomic backgrounds of subpopulations. For exam-
ple, Si005789m.g is a gene coding a phosphoenolpyruvate carboxylase (PEPC), 
which is one of the key C4 enzymes. Genetic variation in the PEPC gene may con-
fer variation in photosynthetic efficiency across different lines. However, a haplo-
type network of this gene (Fig. 3.4b) reveals two major haplotype groups associated 
with this gene, and the long disjunction largely corresponds to the known popula-
tion structure. Thus, it is likely that phenotypic effect difference between the two 
haplotype groups cannot be detected using GWAS, as effects of population struc-
ture need to be removed (Brachi et al. 2011).
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Accordingly, it is clear that further expansion of existing S. viridis collections is 
imperative and will be a fruitful endeavor. Presently, we have assembled a S. viridis 
collection of more than 400 accessions covering a large geographic area across the 
US, a proportion of which are shown in Fig. 3.1. These new collections are more 
evenly distributed geographically and cover many large geographic gaps present 
within previous collection efforts. Expanding this collection will enable detection of 
more subtle population structure, as well as identifying additional admixed individu-
als and new genetic variants, all of which will facilitate construction of more powerful 
diversity panels that can be used in GWAS. Preliminary genetic diversity surveys of 
these new accessions, based on shotgun genome sequencing, reveal similar patterns of 
genetic diversity to the previous GBS study. For example, the three genetic groups 
largely remain in the expanded collection (Fig. 3.4a), and across the entire sample, the 
LD blocks are generally localized (Fig. 3.5), indicating a rapid LD decay in the total 
sample. In subpopulations, the LD decay is inevitably slower than the total population, 
and there are occasionally long distance LD blocks over 200 kb. However, large LD 
blocks spanning megabases of the genome originally observed in Group 2 in the GBS 
study (Huang et al. 2014) start to break down, probably due to the additional recom-
bination events introduced by the new collections (Huang et al. unpublished data).

Fig. 3.5 Pairwise linkage disequilibrium of scaffold 4. Lower diagonal shows the result of a sub-
set collection of 249 accessions, and the upper diagonal shows the result of only individuals who 
belong to Group 2 (probability of assignment >90 %). Darker colors indicate stronger linkage 
disequilibrium. Lines in the diagonal denote relative physical locations of markers
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The germplasm collection for S. viridis is still expanding. In the near future, 
accessions will be deposited in public germplasm banks for broader community 
access. Presently, a proportion of these collections have been submitted to USDA- 
GRIN by Jiang et al. for further seed propagation and distribution (www.ars-grin.
gov/npgs). In addition, multiple directed crosses have been made among some of 
the distantly related accessions in these collections to generate new recombinant 
inbred lines (RILs, Chap. 18). These RIL populations can be used for further link-
age mapping as well as combined for nested association mapping (NAM) designs 
(Buckler et al. 2009; McMullen et al. 2009). Finally, most of the germplasm collec-
tions have been or will be whole genome sequenced in deep coverage (20–30X), 
allowing future GWAS with various designs.

3.6  Opportunities for Gene Discovery

Preliminary observations indicate extensive phenotypic variation present within 
these new germplasm collections. One category of traits exhibiting substantial quan-
titative variation is panicle morphology (Fig. 3.2). Individual traits such as panicle 
size, spikelet branching pattern, number of spikelets, bristle color, and length are 
potentially determined by separate genetic mechanisms (Jia et al. 2013b; Doust et al. 
2005). Revealing the underlying genes associated with these traits may have signifi-
cance in crop improvement, as they may influence both seed yield and production 
quality in foxtail millet and other panicoid grasses. Many traits that influence plant 
morphology and architecture, such as plant height, tiller number, and branching, are 
also highly variable across this collection. Variability within these traits is inevitably 
influenced by environmental factors, and as such, will require increased replication 
and overall effort to map (Doust et al. 2004; Doust and Kellogg 2006). Finally, other 
important traits which are significant in bioenergy crop development, such as flower-
ing time (Mauro-Herrera et al. 2013), photosynthetic efficiency, and biochemical 
compositions (Petti et al. 2013), are also likely to be highly variable among acces-
sions. Nonetheless, GWAS and linkage mapping will be primary tools utilized for 
gene discovery, all of which is made possible due to these germplasm collections.

In recent years, apart from the “traditional” phenotypes, GWAS has also been 
employed to examine local adaptation. For example, in A. thaliana, associations 
between various climatic variables and genotypes have been examined, and signals 
of local adaptation have been detected using enrichment of nonsynonymous muta-
tions in the tails of distributions (Hancock et al. 2011). There have also been more 
direct common garden experiments to examine climate on fitness to reveal genes 
responsible for local adaptation (Fournier-Level et al. 2011). Studies performed in 
Populus trichocarpa identified candidate genomic regions that show signals of local 
adaptation that also tend to associate with known traits with adaptive significance 
such as bud flush (Evans et al. 2014). Similar strategies are likely applicable to S. 
viridis, due to its wide distribution and ability to colonize diverse local environments. 
Genes associated with certain environmental variables (such as soil pH, precipitation, 
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and temperature; Fig. 3.3) may confer local adaptations to particular environments. 
Many of the germplasm collections have exact collecting coordinates, thus the cli-
matic variables can be easily extracted from published interpolated climate layers 
(Hijmans et al. 2005). In addition, for a large proportion of these accessions, soil 
samples from the A horizon at each collection site have been collected and charac-
terized. Quantitative attributes, including soil reactivity (pH), electrical conductiv-
ity, and elemental profile, are currently being analyzed (Fig. 3.3). Early comparison 
of values determined empirically and those downloaded from the Soil Survey 
Geographic Database (SSURGO) (http://websoilsurvey.nrcs.usda.gov) find signifi-
cant correlation between these datasets (r = 0.2–0.4).

Finally, as GWAS could be limited by the available samples and population struc-
ture, the ongoing deep sequencing project provides an opportunity for an alternative 
approach. Bulk segregant analysis (BSA) using high throughput sequencing has been 
applied in different study systems (Takagi et al. 2015; Yuan et al. 2013) and is a power-
ful method to discover genes responsible for phenotypic variations in induced mutant 
populations (Takagi et al. 2015). Similar methodology could potentially be used 
between two accessions with distinct phenotypes following protocols provided in Chap. 
18 of this book. Since genotypes of all accessions are revealed through deep whole-
genome sequencing, crossing schemes can be considered to minimize the genetic diver-
gence between two parental accessions while investigating prominent phenotypic 
differences. The rapid life cycle and ease of propagation of S. viridis could make this 
method feasible for widespread adoption, and the sequenced parental genomes provide 
anchor points for quality controls. In the long run, the resulting RIL population can be 
combined with the diversity panel to expand the panel for a NAM population.

3.7  Conclusion and Future Directions

Studies characterizing the genetic diversity in North American S. viridis popula-
tions reveal both great potential and several major challenges for future studies. 
With the rapidly expanding germplasm collections and enormous sequencing 
efforts, knowledge of the genetic diversity in North American S. viridis is accelerat-
ing our ability to genetically dissect critical questions in plant biology and agricul-
ture. In the future, one major challenge will be how to best utilize these various 
resources to construct a practical-sized GWAS panel that retains high mapping reso-
lution and QTL detection power. Efficient characterization of this diversity panel 
will require continued development of high throughput automated systems to facili-
tate large scale high-precision phenotyping. Finally, collaborative efforts from vari-
ous disciplines such as morphology, biogeography, physiology, and biochemistry 
will be combined with genetics to dissect comprehensive traits of broad interest, 
such as C4 photosynthesis, nutrient use efficiency, and abiotic stress tolerance in S. 
viridis. It is our goal to translate the knowledge obtained from this model system to 
accelerate genetic improvement of economically important panicoid grass crops 
making them more productive and sustainable.
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Chapter 4
Origin and Domestication of Foxtail Millet

Xianmin Diao and Guanqing Jia

Abstract Among the more than 100 species in Setaria, S. macrostachya, S. pumila, 
and foxtail millet (S. italica) cereals were domesticated by human beings. However, 
only foxtail millet became a worldwide crop, contributing greatly to the develop-
ment of Chinese civilization and remaining as a staple cereal in arid and semi-arid 
regions. Green foxtail is the ancestor of cultivated foxtail millet and both can be 
regarded as the same species. Archeological evidence indicates that the domestica-
tion of foxtail millet from green foxtail probably began around 16,000 YBP, was a 
recognized crop around 9000–10,000 YBP, and became popular in Northern China 
at about 5000–6000 YBP, then spread to other parts of the world. Although there has 
been some controversies over whether the domestication of foxtail millet has 
occurred more than once, recent molecular data and archeological evidence suggest 
a single domestication event.

Keywords Foxtail millet • Green foxtail • Domestication • Setaria

4.1  Origin and Spread of Setaria

The genus Setaria comprises several subgenera with reportedly 125 species 
 distributed worldwide (Hubbard 1915; Rominger 1962), although recent data 
suggests that there are only 99 species (Kellogg 2015; Kellogg et al. 2009). 
Although Setaria was first described more than 260 years ago by Linnaeus 
(1753), the origin of this group of species remains unclear. It has been proposed 
that the ancestor of the current Eurasian Setaria spp. originated from Africa, and 
that the first species invading Eurasia from Africa was probably green foxtail 
(Setaria viridis) or a S. viridis-like diploid annual, which then gave rise to other 
species of the Setaria grass (Rominger 1962; Stapf and Hubbard 1930). The rea-
son for this conjecture might be that most Setaria species are located in Africa, 
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and it is the only theory on the origin of Setaria to date. However, recent molecu-
lar phylogenies emphasize that Setaria is polyphyletic, with strongly supported 
African and Asian, as well as South American clades, but with no clear pattern 
of relationship between them or with other recognized taxa, making distribu-
tional hypotheses problematic (Kellogg et al. 2009) (Chap. 1).

It is widely accepted that green foxtail and foxtail millet (S. italica) are native to 
Eurasia, and that green foxtail now has a worldwide distribution, yet we know very 
little about how it expanded into its current distribution. One hypothesis (Dekker 
2003) suggests that Setaria expanded from Africa to its current situation in the 
northern hemisphere in five major phases, including the spread of green foxtail into 
North America as a post-Columbian invasion event. However, recent single nucleo-
tide polymorphism (SNP) analyses of the diversity and population structure of 
green foxtail samples from North America suggest that there have been multiple 
introductions into North America from distinct gene pools in China, Central Asia, 
and Europe (Huang et al. 2014, Chap. 3). The origin and spread of green foxtail still 
needs more study.

4.2  Setaria Species Used as Cereals or Fodder

Several Setaria species have been domesticated and cultivated as cereals for human 
consumption. Foxtail millet was first domesticated in China and then became a 
cereal cultivated throughout Eurasia. It remains a major crop in arid and semi-arid 
regions of China and India to this day. Yellow foxtail, S. pumila (Poir.) Roem. & 
Schult. (syn. Setaria glauca, Setaria lutescens F. T. Hubbard) was cultivated and 
domesticated as a grain crop in Eastern and Western Ghats, India, and its grains 
were harvested from wild plants elsewhere (Watt 1908; Datta and Banerjee 1978; 
Rao et al. 1987; de Wet 1992; Klmata et al. 2000; Dekker 2003; Austin 2006). S. 
macrostachya was used and domesticated as a cereal crop in Mexico before the 
domestication of maize (Callen 1967; Smith 1967; Felger and Moser 1985; Austin 
2006). In addition to foxtail millet, seeds of yellow foxtail, S. macrostachya, and 
other Setaria species were gathered from wild plants as grain food, such as Setaria 
liebmannii E. Fournier in Mexico, Setaria pallide-fusca (Schumacher) Stapf and 
C. E. Hubbard in Africa, Setaria palmifolia (J. König) Stapf in Asia, and Setaria 
sphacelata (Schumacher) M. B. Moss ex Stapf and C. E. Hubbard in Africa. Other 
Setaria species were used as fodder, such as Setaria intermedia Rothex Roemer and 
Schultes (syn. Setaria tomentosa (Roxburgh) Kunth) in India and S. pallide-fusca in 
Nepal (Austin 2006).

Although foxtail millet, yellow foxtail, and S. macrostachya were domesticated 
as cereals, only foxtail millet became a worldwide crop, contributing greatly to the 
development of human civilization in Eurasia for more than 10,000 years. It remains 
a staple grain in arid and semi-arid region of China and India. In this chapter, we 
focus on the origin and domestication of foxtail millet.
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4.3  Domestication of Foxtail Millet

4.3.1  Genetic Evidence Supporting Green Foxtail 
as the Ancestor of Foxtail Millet

In the eighteenth-century, Linnaeus (1753) classified green foxtail and foxtail millet 
into the genus Panicum, but named them as two different species, Panicum viride 
and Panicum italica, respectively. Later they were transferred to the genus Setaria, 
and their botanical names were changed to S. viridis and S. italica, respectively, 
remaining as two independent species (Austin 2006). In the twentieth-century, 
many researchers observed morphological and cytological similarities between 
green foxtail and foxtail millet, found that they produce fertile hybrids, and noticed 
that they share continuous and overlapping genetic variation (Darmency et al. 
1987a; Li et al. 1935, 1942; Kihara and Kishimoto 1942; Rao et al. 1987; Takahashi 
and Hoshino 1934; Till-Bottraud et al. 1992; Willweber-Kishimoto 1962). An iso-
zyme analysis demonstrated that green foxtail and foxtail millet share many simi-
larities at the biochemical level (Wang et al. 1995a, b). Using random amplified 
polymorphic DNA (RAPD) markers, Li et al. (1998) found that green foxtail and 
foxtail millet collected from different regions formed mixed clusters. In later stud-
ies, restriction fragment length polymorphism (RFLP), inter-simple sequence repeat 
(ISSR), and transposon display analyses confirmed that green foxtail is the ancestor 
of foxtail millet (Wang et al. 1998; Li et al. 2012; Hirano et al. 2011). After the 
release of the reference genome of foxtail millet (Bennetzen et al. 2012; Zhang et al. 
2012), the first de novo assembly of the genome sequence of green foxtail was pro-
duced. Sequence comparisons between green foxtail and foxtail identified only 
small differences between the two and confirmed that green foxtail is the ancestor 
of foxtail millet (Jia et al. 2013).

These findings led to the theories that green foxtail and foxtail millet are actually 
the same species, and that the difference in stature between them reflects the dif-
ferentiation of wild and domesticated types. Rao et al. (1987) suggested that both 
taxa should be considered as subspecies of S. italica (green foxtail, S. italica, subsp. 
viridis; foxtail millet, S. italica, subsp. italica). However, this nomenclature implied 
the primacy of the crop over its wild Setaria ancestors, and Dekker (2003) sug-
gested that the two sub-species be named foxtail millet (S. viridis subsp. italica) and 
green foxtail (S. viridis subsp. viridis). No one naming convention has prevailed, 
and all combinations are found in the recent literature.

4.3.2  Wild-Weed-Crop Complexes in Setaria

The domestication of wild plant species to produce cultivated crops is thought to 
begin with gathering seeds from the wild, before progressing to deliberate planting 
and gathering. Gradual genetic changes in the wild plant lead to domestication-related 
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characteristics that are desirable for human cultivation, such as suppression of seed 
shattering and selection of appropriate flowering time (named the “domestication 
syndrome”). At this stage, the plant is considered domesticated (Dekker 2003; Austin 
2006). Foxtail millet, as well as green foxtail, is a self- pollinating species with 
0.3–4 % outcrossing rates under natural conditions (Li et al. 1945; Till-Bottraud et al. 
1992). The outcrossing rate can be as high as 7 % depending on the geography and 
climatic conditions during growth and flowering (summarized by Liang and Quan 
(1997)). A study on the dispersal of foxtail millet pollen demonstrated that viable 
pollen can be blown over a long distance depending on the weather conditions (Wang 
et al. 2001). The self-pollination and outcrossing characters of green foxtail and fox-
tail millet have also been verified by DNA marker analysis (Wang et al. 2010). The 
selfing rate of green foxtail was estimated at 96 % based on SNP data and 90 % based 
on simple sequence repeat (SSR) data (Huang et al. 2014; Jia et al. 2013), compared 
with 98 % for foxtail millet, as estimated from SSR data (Wang et al. 2012).

Spontaneous hybridizations between the wild parent (green foxtail) and the crop 
(foxtail millet) have occurred in the fields ever since foxtail millet was domesti-
cated. Furthermore, their hybrids are fertile. Consequently, traits of weedy green 
foxtail and domesticated foxtail millet have been exchanged in millet fields since 
first cultivation (Darmency et al. 1987b; Harlan 1965; Harlan et al. 1973; Dekker 
2003). Genomic alleles for wild characters from green foxtail have been largely 
eliminated from cultivated foxtail millet by intensive human selection. However, 
genes introgressed into the wild green foxtail might be retained if they have advan-
tages for natural selection, as evidenced by the many weedy types with morphologi-
cal similarities to foxtail millet that arise around foxtail millet fields. Human 
selection of foxtail millet has focused on tall plant stature and robust growth for 
higher grain yield. The tall plant stature character has transferred from foxtail millet 
into green foxtail, leading to the emergence of giant green foxtail (S. viridis var. 
major (Gaudin) Pospichal) around farmed fields (Pohl 1951, 1966; Rominger 1962; 
Darmency et al. 1987b). This is an example of a wild-weed-crop complex (Darmency 
et al. 1987b; Rao et al. 1987), where the partial reproductive barriers between crop 
and weed variants become an advantage for the weed when a new variant acquires 
weedy traits and invades the human-managed habitat (Darmency et al. 1987b). 
Genetic evidence also suggests that more recent or ongoing cross-pollination is 
occurring in foxtail millet production regions (Wang et al. 2010).

4.3.3  Archaeological Evidence for the Domestication 
and Spread of Foxtail Millet

In ancient China, agriculture was based on the domestication of broomcorn or com-
mon millet (Panicum milieaceum) and foxtail millet (S. italica) in Northern China 
and rice (Oryza sativa) in Southern China. Qinling Mountain marks the boundary 
between Northern and Southern China. Because the political center of ancient 
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China was generally located in the north, common millet and foxtail millet greatly 
contributed to the development of Chinese civilization, as evidenced in many stud-
ies (He and Hui 2015; Shelach 2000; Sigaut 1994; Wei 1994). Archaeological dis-
coveries have provided incontrovertible and direct evidence for the origins and 
domestication of crop plants, including foxtail millet.

The first phase of foxtail millet domestication occurred from approximately 
23,000 YBP to around 9000 YBP. No intact foxtail millet grains corresponding to 
this phase have been found, but there is ample evidence of plant starches and stone 
tools for processing green foxtail and/or foxtail millet and specific evidence of fox-
tail millet starch (Liu et al. 2013; Yang et al. 2012). The oldest stone tools for pro-
cessing green foxtail were found at the Shizitan site in southern Shanxi, dated back 
to 23,000 to 19,500 YBP (Liu et al. 2013). Further archeological evidence was 
found at the Xiachuan site in southern Shanxi Province, dating back to 16,000 YBP 
(Wei 1994). Archeological remains have also been found at the Nanzhuangtou site 
(older than 11,000 YBP) and the Donghulin site (10,150 to 9500 YBP) near Beijing, 
and the Shizitan site (9600–9000 YBP) near the Yellow River in southern Shanxi 
Province (Liu et al. 2011). Because foxtail millet grains from this phase have never 
been found, it was deduced that green foxtail was collected from the wild as food 
and the domestication of foxtail millet began around this time (Yang et al. 2012).

The second phase of foxtail millet domestication took place between 9000 and 
6000 YBP, in the middle phase of the Chinese Neolithic Age. The oldest foxtail millet 
grains found to date were retrieved from the Donghulin site in Beijing, and dated back 
to 11,000 to 9000 YBP (Zhao 2014). Foxtail millet grains were also found at the 
Zhangmatun site in Shandong Province, dating back to 9000 to 8500 YBP (Wu et al. 
2014). A phytolith analysis positively identified foxtail millet grains found at the 
Cishan site in Wu’an County, southern Hebei Province, which dated back to 8700 YBP 
(Lü et al. 2009). However, there has been some discussion about the dating of those 
grain samples. Many older intact carbonized foxtail millet grains have been found in 
Northern China, mainly in the middle and upper Yellow River region, dating to 
between 8500 and 6000 YBP (Fig. 4.1). Sixty carbonized foxtail millet grains were 
among nearly 1500 grains of common millet and foxtail millet found at the Xinglonggou 
site in east Inner Mongolia, dating back to 8000 to 7500 YBP. Other evidence of foxtail 
millet from this phase includes remains found at sites of the Peiligang culture in Henan 
Province (8500 to 7000 YBP) and the Dadiwan- Laoguantai culture in Gansu Province 
(7800 to 7300 YBP). From those finds, we know that green foxtail had already been 
domesticated to produce the larger-grained foxtail millet, and that foxtail millet had 
already spread throughout a wider area in Northern China, mainly around the Yellow 
River region. One character of agriculture in this phase in Northern China is the co-
cultivation of common millet and foxtail millet. At most archeological sites in Northern 
China, common millet grains far outnumber foxtail millet grains, confirming that com-
mon millet was the main type cultivated during that period.

The third phase of foxtail millet development was its expansion after domestica-
tion, from approximately 6000 YBP. Carbonized foxtail millet remains have been 
recovered from hundreds of archaeological sites in China, with large quantities found 
at many sites (Fig. 4.1). Typical sites of this phase are the mid- and late- Yangshao 
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Culture sites (6000–5000 YBP) located in the middle of the Yellow River region in 
Henan Province. Foxtail millet remains were found at the Chengtoushan site 
(6000 YBP) in the middle region of the Yangtze River in Hunan Province, south of 
the Yellow River region where foxtail millet was first domesticated. Then, it spread 
from Hunan to the Chengdu Plain in Sichuan Province along the Yangtze River. This 
route of expansion was confirmed by the carbonized foxtail millet found at the Haxiu 
and Yingpanshan sites (5300–4500 YBP). From Sichuan, foxtail millet spread to the 
Tibet–Qinghai Plateau, as verified by remains found at the Kanuo site (5500–
4200 YBP) (Lü et al. 2005, 2014). This scenario explains foxtail millet expansion to 
the south west of China. The prevalence of foxtail millet after its domestication in the 
middle of the Yellow River region has been verified by the presence of many millet 
grains at archeological sites of the Longshan culture (4500 YBP) in Shandong 
Province, east of the Yellow River region; and in those of the Hongshan culture 
(5500–500 YBP), north of the Yellow river in Inner Mongolia.

After its domestication, foxtail millet spread surprisingly quickly. Foxtail millet 
grains have been recovered from archeological sites in Eastern Siberia including 
Krounovka-1 (5550–5350 YBP), Zaisanovka-7 (5500–5000 YBP), Zaisanovka-1 
(4600–4400 YBP), and Novoselische-4 (4500–4050 YBP) (Sergusheva and 
Vostretsov 2009). It spread to Korea around 5500 YBP, as verified by its presence at 

Fig. 4.1 Distribution of archeological sites in China where foxtail millet remains have been iden-
tified. Prepared by He Keyang and Lu Houyuan. Different colors indicate time periods (age) of 
various archeological sites. Yellow and green points represent the oldest sites and the earliest fox-
tail millet remains. These sites are mostly located in the Yellow River region in Northern China, 
indicating that this was where foxtail millet was first domesticated
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the Chulmun site (5500 YBP) in southern Korea (Lee 2000). The oldest foxtail mil-
let grains in Japan were identified at the Usujiri site in Hokkaido, dating back to 
4000 YBP (Crawford 1992). Foxtail millet remains have been found at several 
archeological sites in Xinjiang Province, most dating back to 4000 to 3000 YBP 
(Fig. 4.1). The archeological evidence suggests that foxtail millet spread from 
Xinjiang to Europe (Wei 1994).

Archaeological evidence from sites across Europe and Asia suggests that although 
the progenitor of foxtail millet, green foxtail, was widespread throughout Eurasia, 
carbonized foxtail millet grains dating to before 7000 YBP were found only in China 
(Jones 2004; Daniel and Maria 2000; Hunt et al. 2008). This provides further evi-
dence that China was the site of foxtail millet domestication, albeit there may have 
been more than one domestication event for this species. It is enigmatic that there is 
no concrete evidence for foxtail millet until the Iron Age in the Near East (Nesbitt and 
Summers 1988), even though this region is geographically close to China.

The archeological evidence indicates that foxtail millet was first domesticated in 
the middle region of the Yellow River including Shanxi, Shannxi, Hebei, and Henan 
provinces. The process of domestication probably began around 16,000 YBP. Based 
on the size of starch grains, it changed from a grass to a crop plant around 9000–
10,000 YBP. Foxtail millet became popular in Northern China at about 5000–
6000 YBP. The introduction of wheat and barley into China 4000 YBP changed the 
agricultural position of foxtail millet, but it remained as a staple cereal for more than 
5000 years in Northern China until maize (Zea mays L.) and sweet potato (Ipomoea 
batatas L. (Lam)) were introduced approximately 400 years ago. To this day, foxtail 
millet remains a staple food in some semi-arid and arid areas of Northern China. 
The long history of foxtail millet cultivation has greatly contributed to the develop-
ment of Chinese culture and to human civilization in general. For example, the first 
noodles were made from millet, and noodles remain a very popular food worldwide 
(Lü et al. 2005, 2014). However, the archeological evidence cannot prove whether 
there were multiple independent origins of foxtail millet in Europe (Harlan 1975; 
Jusuf and Pernes 1985), central Asia (Li et al. 1995; Sakamoto 1987), and tropical 
Asia (Fukunaga et al. 2006). Combining the results of diverse types of analyses will 
provide more details about the history of foxtail millet domestication.

4.3.4  Monophyletic or Polyphyletic Origin of Foxtail Millet

Cytological and hybridization studies have shown that green foxtail is the wild 
ancestor of foxtail millet (Li et al. 1942; Kihara and Kishimoto 1942). However, the 
geographical origin of domesticated foxtail millet cannot be determined from the 
distribution of green foxtail because the latter is found commonly in various areas 
of Europe and Asia. As for the geographical origin of foxtail millet, Vavilov (1926) 
first suggested that China was the principal center of foxtail millet domestication. 
Several other hypotheses have been entertained, for instance, based on archaeological 
evidence, Harlan (1975) suggested an independent domestication center in Europe, 
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because he assumed that foxtail millet could not be transferred to Europe from 
China in ancient times (>3000 YBP). Using an isozyme marker analysis, Jusuf and 
Pernes (1985) found that the genetic distance between cultivated foxtail millet and 
wild types of the same origin was sometimes smaller than the genetic distance 
between accessions of foxtail millet and green foxtail from different origins, consis-
tent with the multiple origins hypothesis. These results were supported by hybrid 
weakness and partial sterility in offspring derived from intraspecific crosses between 
Chinese and European landraces (Croullebois et al. 1989) and a cluster analysis 
based on the morphological characteristics of foxtail millet (Li et al. 1995). 
However, it is likely that the long history of cultivation and natural selection of 
foxtail millet varieties adapted to local environments, and the numerous hybridiza-
tions and genetic exchanges between foxtail millet and local green foxtail, have 
resulted in them sharing similar genetic backgrounds and isozyme patterns. 
Consequently, isozyme analyses should be carefully interpreted in domestication 
studies, such as foxtail millet.

A second hypothesis (Li et al. 1995) suggested that the landraces from 
Afghanistan and Lebanon had been domesticated independently and relatively 
recently, because they had primitive morphological characters. This idea was sup-
ported by ribosomal DNA data (Fukunaga et al. 2006). Furthermore, Sakamoto 
(1987) reported that foxtail millet landraces in central Asia, Afghanistan, Pakistan, 
and Northwest India not only had primitive morphological traits, but also showed 
relatively high cross-compatibility with foxtail millet from other regions (Kawase 
and Sakamoto 1987). Based on those results, they suggested that the original center 
of foxtail millet domestication was located somewhere in those regions, and China 
may be the secondary center of diversification. This is the only hypothesis that 
places China as the secondary center of foxtail millet domestication.

Many studies based on chemical markers, such as esterase isozymes, could not 
reach clear conclusions about the monophyletic or multiple origins of foxtail millet 
(Kawase and Sakamoto 1984; Wang et al. 1995a). An amplified fragment length 
polymorphism (AFLP) analysis designed to detect the origin of foxtail millet failed 
to find any geographic structure (d’Ennequin et al. 2000). Later studies based on 
RFLP data (Fukunaga et al. 2002) and variations in ribosomal DNA intergenic 
spacer subrepeats (Fukunaga et al. 2006) helped to classify foxtail millet landraces, 
but could not provide further information on the foxtail millet domestication 
hypothesis.

Some recent studies have provided valuable clues about the domestication of 
foxtail millet. Using ISSR markers, Li et al. identified that both Chinese and Europe 
foxtail millet landraces were closely related to a few green foxtail varieties collected 
from the middle and upper regions of the Yellow River in Northern China, consis-
tent with archaeological evidence from sites in those regions (Li et al. 2012). An 
analysis based on genome-wide TE insertion polymorphisms as DNA markers 
 identified a clear geographical structure of foxtail millet from the worldwide 
collection. In that structure, almost all green foxtail accessions formed an outgroup 
to domesticated foxtail millet. These results strongly indicate that foxtail millet has 
a monophyletic origin. However, because of the small sample size of green foxtail, 
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the detailed geographical location of its origin remained unclear (Hirano et al. 
2011). The recent resequencing of 916 foxtail millet accessions from the worldwide 
collection and identification of more than 0.8 million SNPs has resulted in a new 
phylogenetic tree. This tree shows a clear geographical structure with accessions 
from the same local geographic regions grouped together into the same clades, sug-
gesting a single domestication of foxtail millet (Jia et al. 2013). Furthermore, phy-
logenetic analyses based on sequences around the seed-shattering gene Sh1 showed 
evidence of a domestication sweep. In those analyses, all foxtail millet samples 
from China and other countries were clustered as star-like branches, but all green 
foxtail samples were grouped on long branches, indicating great diversity among 
wild types and a single origin of foxtail millet (Jia et al. 2013). Together, the results 
of these recent studies suggest that the domestication of foxtail millet is monophy-
letic. Analyses of more green foxtail samples from around the world would 
strengthen the results of these studies. Also, for more in-depth studies on the origin 
of foxtail millet and genetic tools to reduce the noise resulting from long-time gene 
exchange between green foxtail and foxtail millet are needed, such as analyses of 
the sequences of domestication- related genes.
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Chapter 5
Foxtail Millet Germplasm and Inheritance 
of Morphological Characteristics

Xianmin Diao and Guanqing Jia

Abstract In China, the systematic collection of foxtail millet germplasm from the 
1950s to the 1980s resulted in the compilation of 27,059 accessions in the Chinese 
Gene Bank. There are approximately 15,000 additional foxtail millet accessions main-
tained in other gene banks in India, Japan, Korea, the United States of America, Russia, 
and in other countries. Evaluations of the Chinese and Indian accessions indicate that 
foxtail millet is morphologically and genetically highly diverse, especially in China. 
There are currently only two foxtail millet core collections, in China and India. Large-
scale screenings of trait-specific lines have been conducted mainly in China, and have 
identified some special landraces, including those that are resistant to drought. There 
are many publications describing the inheritance of foxtail millet morphological char-
acteristics in China, with the important ones being reviewed in this chapter. Dominant 
qualitative traits, including seedling, leaf sheath, and anther color, have been used as 
markers to identify hybrids. The estimated heritabilities of quantitative characteristics, 
such as plant height, panicle length, and heading date, have been useful for foxtail mil-
let breeding programs. Additionally, the recent detection of significant quantitative 
trait loci has helped to characterize the underlying genetic mechanisms regulating 
specific traits. Cytological studies of foxtail millet are summarized in this chapter, 
especially those involving the trisomic Yugu 1 cultivar.

Keywords Foxtail millet • Germplasm management • Qualitative characteristics  
• Quantitative characteristics • Trisomics • Setaria

5.1  Introduction

Because of its long cultivation history and considerable contribution to ancient 
civilizations in China, foxtail millet is considered one of the most important 
grains among the “Five Grains of China” (Diao 2011; Austin 2006), along with 
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proso millet, rice, soybean, and wheat. Foxtail millet is used even today in ances-
tor worship ceremonies and is considered a sacred crop in some communities 
and regions. A long history of cultivation in diverse environments around the 
world has resulted in numerous foxtail millet cultivars, which also serve as use-
ful genetic resources. Foxtail millet cultivation in the dry areas of the loess-rich 
upper Yellow River Basin and in the semidry areas of the Chinese middle basin 
led to the development of cultivars with high levels of drought resistance and 
cold tolerance. These cultivars also produce relatively large seeds and exhibit 
improved lodging resistance. The importance of foxtail millet with desirable 
cooking and tasting qualities resulted in the development of nonglutinous and 
glutinous types, as well as varieties that produced diverse kernel colors and vari-
ous aromas upon cooking. Some varieties with good cooking qualities and a 
pleasant taste became popular in certain regions, including a glutinous variety 
used to produce millet wine, which is described in the Shang dynasty oracle 
bones (Bonjean 2010). For breeding and genetic research purposes, the inheri-
tance of many morphological characteristics, including qualitative and quantita-
tive traits, has been characterized in studies by different researchers.

5.2  Foxtail Millet Germplasm and Classification

5.2.1  Collection of Foxtail Millet Germplasm

There is a long history of foxtail millet germplasm collection, including landra-
ces, improved varieties, and wild relatives. The Guangzhi (i.e., book related to 
agriculture) was written during the Jin Dynasty (1700 years ago), and described 
11 foxtail millet varieties for the first time in China. The famous Qiminyaoshu, 
which was written during the Beiwei Dynasty, described 64 foxtail millet variet-
ies, and also classified these varieties into early heading, drought-resistant, bird-
resistant, and good-tasting categories (Diao 2011). During the Qing Dynasty, the 
Shoushitongkao described 251 foxtail millet varieties, which were grown in dif-
ferent regions. Since the 1920s, the University of Nanking and Yenching 
University have collected and identified several foxtail millet landraces for 
breeding programs.

The collection of foxtail millet germplasm in China began in the mid-1950s, 
and by 1958, about 16,000 accessions had been accumulated. Because of the 
Cultural Revolution, the germplasm collection and related research were not 
updated during the 1960s and early 1970s. This work resumed in 1987, and 
11,673 foxtail millet accessions have since been assigned an ID number and cat-
alogued in three books (List of Chinese Foxtail Millet Varieties, issues 1, 2, and 
3). By the end of 2012, there were 27,059 foxtail millet accessions in the Chinese 
Gene Bank, and seven issues of the List of Chinese Foxtail Millet Varieties had 
been published. This Chinese collection is a nationwide collection that covers all 
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foxtail millet growing regions in China. Additionally, most accessions collected 
before 2000 were landraces, while some improved cultivars were also collected 
after 2000. The number of accessions in gene banks continues to grow.

There is no comprehensive publication describing global foxtail millet germ-
plasm collections. However, additional relatively small collections are maintained 
at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), 
Patancheru, India (1535 accessions from 26 countries), the National Institute of 
Agrobiological Sciences, Tsukuba, Japan (1286 accessions), the Plant Genetic 
Resources Conservation Unit of the United States Department of Agriculture- 
Agricultural Research Service (766 accessions), the National Gene Bank of Korea 
(about 960 accessions), and the National Gene Banks of India (2774 accessions) 
and Bangladesh (510 accessions). Foxtail millet germplasm is also available else-
where, including in gene banks in Russia and other European countries, but the 
number of accessions is unknown.

5.2.2  Classification of Foxtail Millet Collections

Because of natural and man-made selection pressures in various environments, sev-
eral varieties have evolved from foxtail millet accessions. Dekaprelerich and 
Kasparian (1928) classified foxtail millet into the following two groups: Moharium 
(i.e., small panicles and many tillers/branches) and Maxima (i.e., large panicles and 
single/fewer tillers/branches). Rao et al. (1987) later defined three races of foxtail 
millet varieties and suggested Indica (i.e., intermediate between Moharium and 
Maxima) should be considered a third group for cultivar classifications. These stud-
ies formed the basis of foxtail millet germplasm collection and breeding efforts. 
Details regarding the three categories are provided as follows.

 1. Maxima varieties contain large panicles with small inflorescences compactly 
spread along the primary branches. Each individual contains 1–8 tillers (one 
panicle per tiller) with no branches. The panicles are either large and sagging 
with long bristles (i.e., varieties originating from northeast China, Japan, and 
North Korea) or small and upstanding with short bristles (i.e., varieties originat-
ing from the Inner Mongolia Autonomous Region of China). Maxima varieties 
have been widely grown as food in eastern Europe and eastern Asia, and as a 
forage crop or bird feed in North America.

 2. Moharia varieties produce small panicles with small inflorescences compactly 
spread along the main branches. They also contain long bristles. Morphologically, 
these varieties are similar to green foxtail, but the inflorescences do not shatter, 
as in other domesticated varieties. Each individual contains 5–52 tillers with 
branches. Erect panicles are present on each branch. Moharia varieties have been 
cultivated in southeastern Europe, Russia, India, Pakistan, and Afghanistan.

 3. Indica varieties are intermediates that exhibit Maxima and Moharia characteristics. 
They originated from hybridization between Moharia (from India) and Maxima 
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(from China) varieties. Each individual contains 1–12 tillers, and moderately 
upstanding panicles (with long bristles) are present on tillers. Primary branches are 
scattered along the main branch. Indica varieties are mainly grown in India.

The three categories are only meant as a guide, and some accessions are diffi-
cult to classify because of the abundance of intermediate foxtail millet types. Li 
et al. (1995) suggested foxtail millet germplasm should be classified into four 
races (i.e., maxima, moharia, indica, and nana) based on morphological analyses 
of 2907 accessions from a global collection. The nana race includes accessions 
from Lebanon and Afghanistan, with intermediate primary characteristics between 
the wild and domesticated types. Breeding programs have used several methods 
to classify foxtail millet germplasm, including classification according to tillering 
(nontillering or tillering) (Ochiai 1996), panicle type (spindle, cylinder, stick, fin-
ger, cat foot, or hen beak), seed color (white, yellow, orange, red, or black), kernel 
color (yellow or white), and phenol color reactions (Kawase and Sakamoto 1982). 
Other popular classification methods involve multivariate morphological analy-
ses and molecular markers. Details relevant to the classification of foxtail millet 
are provided in the following sections, as well as in Chaps 2 and 7.

5.2.3  Germplasm Diversity and Construction of Core 
Collections

Foxtail millet is morphologically quite diverse. A clustering analysis of 2907 
accessions from 16 Chinese provinces and 22 other countries using nine mor-
phological and agronomic traits indicated all characteristics were highly vari-
able. Additionally, the samples were grouped into 12 clusters based on 
differences in geographical origins (Li et al. 1995). Considerable diversity was 
also observed for 15 morphological and agronomic characteristics in 878 global 
foxtail millet accessions (Wang et al. 2016). Of the nine quantitative traits, grain 
weight per panicle and panicle length exhibited the most variability and the 
highest diversity indices (Table 5.1).

Genetic diversity of foxtail millet has been assessed using molecular markers 
in experiments involving restriction fragment length polymorphisms (RFLPs) 
(Schontz and Rether 1998; Fukunaga et al. 2002a, b), random amplified poly-
morphic DNA (Li et al. 1998; Schontz and Rether 1999; Kumari et al. 2011), 
intersimple sequence repeats (Li et al. 2012; Kumari et al. 2011), amplified frag-
ment length polymorphisms (d’Ennequin et al. 2000), simple sequence repeats 
(Wang et al. 2012; Jia et al. 2015), single nucleotide polymorphisms (SNPs) 
(Wang et al. 2010; Jia et al. 2013; He et al. 2015), rDNA PCR–RFLP (Eda et al. 
2013), ribosomal DNA  variation (Fukunaga et al. 1997, 2005, 2006, 2011), 
transposon display (Hirano et al. 2011), and other molecular markers (Liu et al. 
2011, 2014). Although the sample sizes, objectives, and molecular markers used 
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differed among studies, some common conclusions can be drawn. First, foxtail 
millet germplasm is highly diverse, as confirmed by a sequence diversity (π) of 
approximately 0.0010 for all samples. This result is intermediate between the 
values for the cultivated rice species Oryza sativa ssp. indica (approximately 
0.0016) and O. sativa ssp. japonica (approximately 0.0006) (Jia et al. 2013). 
Second, most of these studies revealed that Chinese samples were the most 
diverse, implying China is the center of diversity for foxtail millet landraces. 
Third, most of these studies identified clear geographic differences, indicating 
that environmental factors and local cultivar selection by humans considerably 
influenced genetic evolution.

To date, two foxtail millet germplasm core collections have been constructed, 
one at the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, 
China (Jia et al. 2013; Wang et al. 2016), and the other (containing ICRISAT 
samples) maintained in India (Upadhyaya et al. 2009). The Chinese core collec-
tion consists of 916 samples, including Chinese landraces, modern cultivars, and 
accessions from other countries. The samples were selected from 27,000 acces-
sions in the Chinese Gene Bank. Low coverage sequences of all 916 samples are 
available online, and a haplotype map of the foxtail millet genome consisting of 
0.8 million common SNPs has been constructed (Jia et al. 2013). The ICRISAT 
gene bank includes 1535 foxtail millet accessions from 26 countries. Using pass-
port information and data regarding 23 morphological descriptors, Upadhyaya 
et al. (2009, 2011) developed a core collection consisting of 155 foxtail millet 
accessions. Most of the accessions in this collection are from the indica race 
(i.e., 102 accessions; 65.8 %). The next most abundant races were maxima (i.e., 
24 accessions; 15.5 %) and moharia (29 accessions; 18.7 %). However, there is 
currently no available genomic data regarding these core accessions. The Chinese 
and ICRISAT core  collections represent the genetic diversity and population 
structure of foxtail millet germplasm from around the world.

Table 5.1 Variations and distribution frequencies of quantitative traits in 878 foxtail millet 
accessions (Wang et al. 2016)

Agronomic trait Mean ± SD Range CV (%)a H′b

Plant height (cm) 139.17 ± 20.94 45.00–195.00 15.04 1.73

Diameter of main stem (cm) 0.68 ± 0.12 0.25–1.20 17.71 1.59

Stem node number 11.73 ± 1.84 4.00–17.00 15.71 1.74

Peduncle length (cm) 10.84 ± 4.47 1.00–36.25 41.24 1.03

Panicle length (cm) 23.98 ± 5.62 5.25–43.00 23.45 1.80

Panicle diameter (cm) 2.54 ± 0.61 0.95–5.15 23.95 0.67

Panicle weight per main stem (g) 15.03 ± 5.95 0.20–39.50 39.58 1.84

Grain weight per main stem (g) 11.85 ± 5.14 0.15–34.20 43.41 1.82

Growth period (d) 121.79 ± 9.67 56.00–155.00 7.94 1.39
aCoefficient of variation (= standard deviation divided by the mean) × 100 %
bShannon-Wiener diversity index (H′)
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5.2.4  Identification of Trait-Specific Germplasm

Identifying trait-specific accessions from the large number of accessions in the 
available germplasm collections is crucial for efficient breeding and genetics 
research. Many accessions of foxtail millet varieties have been screened for grain 
quality, resistance to diseases, pests, and drought, and other agronomic traits. Some 
of the relevant results are summarized in Tables 5.2 and 5.3.

For nutritional-related characters, a subset of selected accessions was tested, 
and ranges for crude protein of 7.25–21.9 %; crude fat 1.14–7.99 %; starch 
64.64–85.95 %; vitamin B1 2.7–10.2 mg/kg; vitamin B2 0.48–1.76 mg/kg; vita-
min E 4.25–95.85 mg/kg; and Se (minor mineral) 13–212 mg/kg (Lu 2016) were 
found. Accessions with superior agronomic (e.g., earliness and high grain yield) 
and nutritional (e.g., high seed protein, calcium, iron, and zinc contents) traits 
were identified by ICRISAT, and a diverse range of foxtail varieties have been 
selected for breeding. Details regarding these accessions have been published 
(Upadhyaya et al. 2011).

Since the 1950s, specific screening tests have been used to identify acces-
sions that are resistant/sensitive to various foxtail millet diseases and pests (Lu 
2006), including the spraying of seedlings with spores responsible for blast and 
leaf rust diseases, infection of germinating seedlings using soil inoculated with 
spores causing panicle smut, and the natural infection of foxtail millet growing 
in a nursery with Aphelenchoides besseyi in regions where this pathogen is com-
monly detected. All of these screening tests were conducted using three repli-
cates and repeated in 2 years. In addition to the extensive screening of the older 
germplasm in the Chinese Gene Bank for tolerance to diseases and drought, 
many studies have been conducted involving recently released cultivars. 
Examples of such studies include the analyses of resistance to Thanatephorus 
cucumeris (Frank) Donk (Ma et al. 2005), leaf rust (Dong et al. 2012), blast 
disease (Dong et al. 2015), nematodes (Dong et al. 2010), and A. besseyi (Cui 

Table 5.2 Identification of Chinese accessions with specific quality traits (Lu 2016)

Items
Number of 
accessions tested Range

Standards for 
super quality

Number of super 
accessions

Rude protein 21,076 7.9–21.9 % >15 % 2887

Rude fat 21,076 1.14–7.99 % >5 % 2656

Lysine 
contain

20,876 0.11–0.46 % >0.33 % 1124

Starch 
contain

939 64.64–85.95 % >80 % 188

Vitamin B1 881 2.7–10.2 mg/kg >8 mg/kg 46

Vitamin B2 881 0.48–1.76 mg/kg >1.2 mg/kg 28

Vitamin E 1081 4.25–95.85 mg/kg >65 mg/kg 144

Selenium 1081 13–212 mg/kg >100 mg/kg 209
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et al. 1989). Many cultivars susceptible and resistant to various diseases and 
pests have been identified, which has benefited the foxtail millet industry (Cui 
1997; Gan 1997).

Drought tolerance is an important consideration for many plant breeders. More 
than 21,470 basic foxtail millet accessions from germplasm collections have been 
screened to identify genotypes tolerant or sensitive to drought conditions (Li 
1991, 1992). Some of these results are summarized in Table 5.3. Additionally, 
commercially grown cultivars have also been tested for tolerance to drought and 
salinity stresses (Zhi et al. 2004). To establish an effective method to screen for 
lines tolerant to drought for the duration of the growing period, related indices 
were analyzed in the identified tolerant and sensitive cultivars. The booting stage 
was revealed to be the most sensitive period for foxtail millet reproduction (Zhang 
et al. 2010). Some indices were developed to identify foxtail millet accessions that 
were drought tolerant during the booting stage (Zhang et al. 2012). The effects of 
drought stress on foxtail millet photosynthetic characteristics and other physio-
logical traits at the booting stage were also tested in drought-tolerant and -sensi-
tive cultivars (Zhang et al. 2011a, b).

While several studies have indicated the value of germplasm collections for 
understanding agronomic traits, Setaria is also being developing as a novel model 
system. Germplasm accessions are essential not only for association mapping but 
also for functional gene evolution studies. However, more cooperation is needed 
between countries to increase sampling across the range of variation.

Table 5.3 Identification of disease- and drought-resistant foxtail millet accessions

Disease/drought Method used

Number of 
accessions 
tested

Number of highly 
resistant/tolerant 
accessions

Number of resistant/
tolerant accessions

Blast Spore spray 18,470 166 691

Sclerospora 
graminicola

Mixed soil 
infection

22,797 551 834

Panicle smut Mixed soil 
infection

6031 44 61

Leaf rust Spore spray 12,021 74 17

Aphelenchoides 
besseyi

Natural 
infection

10,181 1 28

Corn borer Artificial 
infection

3072 0 6

Nematode Natural 
infection

1050 69 108

Drought tolerant at 
seedling stage

Repeated 
stress at 
seedling 
stage

21,470 807 2356

Drought tolerant 
during growth 
duration

Controlled 
irrigation in 
the field

207 2 47
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5.3  Inheritance of Morphological Characteristics  
in Foxtail Millet

Because foxtail millet is agronomically important only in certain regions, research 
on inheritance of morphological characters in foxtail millet has mostly been pub-
lished in local Chinese journals. Although there are many scientific papers on fox-
tail millet in these journals, we have selected only those we think important for 
review. Although some of the reported results are preliminary or even disagree with 
each other, we think they provide valuable information for future investigations into 
the genetic basis of these characters.

5.3.1  Qualitative Characteristics

5.3.1.1  Seedling and Leaf Sheath Colors

Foxtail millet seedling color is controlled by four Mendelian factors (i.e., 
PPVVHHII), with PP corresponding to the gene for purple seedlings, II enhances 
the color, VV ensures only the stem sheath turns purple, and HH ensures only the 
panicle becomes purple (Ayyangar et al. 1935). In most seedlings, the blades of 
lines with purple leaf sheaths are green, and the purple leaf sheath is dominant over 
the green leaf sheath. This trait is frequently used as a marker to identify true hybrid 
plants in crosses using a green female parent and a purple male parent.

Association mapping using 916 foxtail millet accessions from global core collections 
detected two major quantitative trait loci (QTLs) controlling leaf sheath color located at 
genome positions 26,859,601 and 7,390,404 on chromosomes 7 and 4, respectively. For 
seedling leaf blade color, one major QTL on chromosome 7 and several QTLs with 
small effects were identified in the three tested environments (Jia et al. 2013).

5.3.1.2  Grain Color, Kernel Color, and Waxy Endosperm

There is a wide range of foxtail millet seed colors, including white, brown, light 
yellow, deep yellow, red, gray, and black. Foxtail millet seed color is controlled by 
three genetic loci (BBIIKK), with BB responsible for gray seeds, II enhances the 
color, and KK causes seeds to become yellow (Ayyangar and Narayanan 1931). 
Additionally, Zhang (1961) reported that F1 plants derived from the Shilixiang (red 
seeds) × Dabaigu (light yellow seeds) cross produce seeds with an intermediate seed 
color. Researchers from the Inner Mongolia Agricultural Research Institute (1979) 
determined that in foxtail millet, light yellow seed color is dominant over red seed 
color, and white seed color is dominant over yellow seed color. There have only 
been a few studies examining foxtail millet grain color, and the results suggested 
that seed color is controlled by several major genes and regulatory elements. Two 
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major QTLs regulating seed color were identified on chromosomes 1 and 9 in three 
tested environmental conditions. An additional five QTLs with minor effects were 
detected on chromosomes 6 and 7 (Jia et al. 2013).

Foxtail millet kernel color was analyzed by Li et al. (1940), who determined that 
yellow is dominant over white. However, there is a wide range in the color intensity 
of yellow among different varieties. Additionally, foxtail millet kernel color is regu-
lated by two gene loci (i.e., Y1 and Y2) (Takahashi 1942) and is of great interest to 
breeders and farmers. The yellow appearance of foxtail millet kernels is mainly due 
to carotenoid-related chemicals. The wild green foxtail kernel is white, with no or 
very little carotenoid. This suggests that the yellow kernel of foxtail millet is a 
domestication-related characteristic.

Waxy endosperm arises through the disrupted expression or loss of function of 
the waxy (GBSS1) gene, which encodes granule-bound starch synthase I. There are 
different types of waxy endosperm in foxtail millet (Afzal et al. 1996), and the waxy 
trait is usually dominant over the nonwaxy trait. Mao et al. (2000a, b) mapped the 
waxy gene to chromosome 4, using a primary trisomic series of foxtail millet culti-
var Yugu 1 and SDS-PAGE electrophoresis analysis. Genomic sequence analysis of 
the Wx genes revealed five independent origins for different endosperm types. 
Additional details regarding foxtail millet endosperm differentiation is provided by 
Fukunaga et al. (2002a, b) and in Chap. 7.

5.3.1.3  Bristle Length and Color

According to a study by Lupeng Zhang (1972), the production of long bristles in foxtail 
millet is regulated by dominant alleles. This conclusion was based on the fact that all 
F1 hybrids derived from a cross between parents with long and short bristles produced 
long bristles. Ayyangar and Narayanan (1933) reported that bristle length is determined 
by four genes. Foxtail millet bristle color was analyzed by Lupeng Zhang (1972), who 
concluded that purple bristles were encoded by a dominant allele, while green bristles 
were the consequence of a recessive allele. Bristle length is also a domestication-
related characteristic. The bristles of wild green foxtail are relatively long and densely 
distributed. In contrast, bristle length and density of cultivated foxtail millet are highly 
variable among landraces. Farmers used to prefer landraces with short bristles. One 
major QTL for bristle color was identified on chromosome 4 under five environmental 
conditions. Additionally, one major QTL for bristle length was detected on chromo-
some 1 in most of the tested environmental conditions (Jia et al. 2013).

5.3.1.4  Anther Color

Foxtail millet anthers can be brownish-orange or white. These colors form a simple 
Mendelian pair, with orange being the dominant trait (Ayyangar and Narayanan 
1932). Anther color must be observed in the morning because after pollen 
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shattering, all the white and orange anthers turn brown. Anther color has been used 
as a marker for identifying individual hybrids from crosses between a female parent 
with white anthers and a male parent with orange anthers. There are also purple 
anthers among the Setaria species (e.g., Setaria glauca). Association mapping 
revealed that a gene regulating anther color is located at position 34,378,428 on 
foxtail millet chromosome 6 (Jia et al. 2013).

5.3.1.5  Panicle Type

There are several types of foxtail millet panicles, including cone-like, spindle-
like, long spike-like, palmate-like, cylindrical, highly branched (finger), rod-
like, cat foot, and hen beak. The panicle type can be greatly affected by 
environmental conditions. Li et al. (1935) observed that palmate-like panicles 
are controlled by two dominant genes. Zhang (1961) characterized the F2 off-
spring derived from parents with different panicle types, and concluded that 
panicle type in foxtail millet is regulated by multiple genes. There are more than 
ten foxtail millet panicle types in the Chinese Gene Bank collection, but in none 
of them are the inheritance patterns clearly understood. Breeding experiments 
revealed that most panicle types are controlled by major genes, with complex 
inheritance patterns. More detailed research is needed to clarify their 
inheritance.

5.3.1.6  Dwarf Accessions

Nearly 50 dwarf lines have been identified in Chinese foxtail millet breeding 
programs (Qian et al. 2012). A longtime objective of foxtail millet breeders has 
involved the identification of suitable genes that could be used to breed lodging-
resistant dwarf cultivars. Phenotypic evaluation and breeding experiments indi-
cated that most dwarf foxtail millet lines exhibit premature senescence, which 
limits their utility for breeding. The dwarf trait is most often controlled by major 
recessive genes, such as Anai3 and Ai25 (Gao et al. 2003; Xue et al. 2016). 
Gibberellin (GA) sensitivity tests indicated that all dwarf foxtail millet lines are 
GA sensitive, except for line 84,133 from the Agricultural Institute of Chifeng 
in Inner Mongolia (Chen et al. 1998; Qian et al. 2012; Yao and Liang 1990). The 
gene encoding the GA insensitivity of line 84,133 was cloned and determined to 
encode a DELLA protein (Zhao et al. 2016). The Anai3 gene of a foxtail millet 
dwarf line was fine mapped onto chromosome 3 (Gao et al. 2003). Additionally, 
the Ai25 gene was fine mapped to a 52.7-kb region between markers fxj032 and 
fxj037 on chromosome 3. The inheritance and genetic background of most other 
foxtail millet dwarf lines have yet to be fully characterized. Dwarf genotypes 
have also been identified in Indian foxtail millet breeding programs, and the 
agricultural performance of some of these lines has been analyzed (Dineshkumar 
et al. 1992).
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5.3.2  Quantitative Characteristics

Most agronomic traits are regulated by multiple genes or QTLs, including plant 
height, panicle length, heading date, and nutrition-related characteristics. Compared 
with the available publications related to rice and other major crops, there are rela-
tively few reports regarding the inheritance of these characteristics in foxtail millet. 
Additionally, most of the studies that generated relevant data in China were con-
ducted in the latter part of the previous century. The results of most of these inves-
tigations were published in local journals, such as Acta Agronomica Sinica, Acta 
Agriculturae Boreali-Sinica, Genetic Resources and Crop Evolution, Hebei 
Agricultural Sciences, Shanxi Agricultural Sciences, and others. Li Renzhi, Zhao 
Zhili, and Mao Xue summarized some of these studies in a book which entitled 
“Principles of foxtail millet genetics and breeding.”

5.3.2.1  Plant Height

Many studies on foxtail millet plant height have concluded that it is controlled by 
multiple genes or QTLs. According to Liu (1984), the heritability of plant height in 
foxtail millet is over 80 %. The F2 segregation results for foxtail millet plant height 
generated in 1979 by the Foxtail Millet Laboratory of the Crop Sciences Institute, 
Inner Mongolia. The plant height of F1 hybrids is usually in between that of the two 
parents, with tall plants usually being the dominant. The segregation in F2 plants 
varies according to their parents. The segregation for a cross between short and tall 
parents is usually greater than that of a cross between two tall parents. Using 
genome-wide association mapping, four significant QTLs regulating plant height in 
foxtail millet were identified on chromosomes 2, 4, 6, and 8 under different environ-
mental conditions (Jia et al. 2013). A QTL analysis of a biparental mapping popula-
tion derived from a cross between foxtail millet and green millet revealed QTL on 
chromosomes 1, 2, 3, 4, 5, 6, 7, 8, and 9 in two different environments (Mauro- 
Herrera and Doust 2016).

5.3.2.2  Panicle Length

According to field observations reported by the Institute of Crop Sciences, Inner 
Mongolia (1979), panicle length in F1 plants is between the lengths of the parents, 
but tends to be similar to the length of one of the parents in the hybrids of some 
crosses. Heterosis was also detected for foxtail millet panicle length. The heritabil-
ity of panicle length is approximately 75 % (Liu 1984; Laboratory of Foxtail Millet, 
Institute of Crop Sciences, Inner Mongolia 1979).

Panicle length is a domestication-related characteristic that is also closely related 
with grain yield, which makes it of great interest to breeders. Genome-wide association 
mapping identified only one QTL for panicle length for foxtail millet grown in Beijing 
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and Changzhi, but three and ten QTLs for plants grown in Anyang and Sanya, respec-
tively. These results imply that the QTLs are specific to certain environments, and that 
foxtail millet panicle length is influenced by environmental conditions (Jia et al. 2013).

5.3.2.3  Heading Date

Heading date is obviously a domestication-related characteristic. Wild green foxtail 
is photoperiod sensitive and exhibits early heading. It has a short growing period 
resulting in low biomass. Natural mutations and human selections have generated 
late heading lines with a relatively long growing period that ultimately leads to 
higher biomass. The spread of foxtail millet north and south from its original 
domestication site required genetic changes that affected photoperiod and tempera-
ture sensitivity and heading date. Foxtail millet landraces from the north are usually 
more photoperiod sensitive and exhibit early heading with a short growing period. 
Additionally, in most cases, early heading is dominant over late heading.

According to studies conducted at the Inner Mongolia Agricultural Research 
Institute (1979), the heading dates of F1 hybrids are determined by the parents. The cor-
relation coefficient between the heading dates for the F1 plants and the average heading 
dates for the parents is 0.787. Additionally, there are significant relationships between 
heading dates for F1 plants and the parent ecotypes. If the ecotypes of the two parental 
landraces are identical or similar, their F1 hybrids will have an intermediate heading 
date. If there are extensive differences in the parental ecotypes, the early heading trait 
will usually exhibit a semidominant inheritance pattern. Transgressive inheritance of 
heading date was also observed in the F2 offspring derived from parents originating 
from different eco-regions. The heritability of heading date in foxtail millet may be as 
high as 94.66 %, based on breeding experiments conducted by Liu (1984).

Linkage analysis of recombinant inbred lines generated from crosses between 
foxtail millet and green foxtail identified 16 heading date-related QTLs distributed 
among all nine chromosomes. Many of these QTLs likely have syntenic orthologs 
in sorghum and maize (Mauro-Herrera et al. 2013). Association mapping with 916 
foxtail millet genotypes in 2011 identified six, seven, seven, and 20 heading date- 
related QTLs in plants cultivated in Beijing, Anyang, Changzhi, and Sanya, respec-
tively. The differences in the number of detected QTLs suggest that many of these 
QTLs are specific to particular environments (Jia et al. 2013).

5.3.2.4  Tillering

Tillering is a domestication- and grain yield-related characteristic. Wild green 
foxtail often has many tillers, but the tillering in domesticated foxtail millet is eco-
type dependent. Ecotypes that have adapted to dry and barren land often have many 
tillers (e.g., landraces from central Asia). In contrast, ecotypes grown on well- 
managed fertile land often have few or no tillers (e.g., landraces from the North 
China Plain). Breeding experiments have indicated that tillering is somewhat domi-
nant over nontillering, depending on the parent genotypes.
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Linkage analysis using a mapping population derived from a cross between fox-
tail millet B100 and green foxtail A10 identified four significant QTLs associated 
with tillering in two experimental trials. Comparative genomics investigations of 
maize indicated that an ortholog of teosinte branched1, which is the major gene 
regulating tillering in maize, has only a minor and variable effect in foxtail millet. 
This implies that similar phenotypic effects may not be produced by orthologous 
loci, even in closely related species (Doust et al. 2004). Additional growth trials 
with recombinant inbred lines derived from this population in field and green house 
environments have identified further QTL, supporting the variable nature of tiller-
ing under differing environments (Mauro-Herrera and Doust 2016). This was con-
firmed by association mapping using foxtail millet accessions from core collections 
that identified many QTLs with small effects, with only a few that colocalized, 
indicating tillering is considerably influenced by environmental conditions (Jia 
et al. 2013). The fact that tillering is controlled by QTLs with small effects is ideal 
for breeding. By using different combinations of QTLs, breeders can develop vari-
eties with different degrees of tillering that suitable for specific environments or 
fields treated with various field-management practices.

5.3.2.5  Nutrition-Related Traits

An investigation of the heredity of total protein content in 15 hybrid combina-
tions revealed that the F1 hybrids exhibited maternal inheritance patterns (Gu 
et al. 1992). The segregation ratio for protein content in F2 offspring suggested 
that protein content is controlled by multiple loci with minor effects, and the 
average broad sense heritability of total protein content is 50 %. Heterosis over 
the better parent (23.1 %) regarding protein content was also observed in all the 
15 hybrids, indicating that hybrid vigor for protein content can be applied to 
improve foxtail millet varieties.

Results of an examination of the lipid content of nine hybrids suggested that F1 
hybrids mostly exhibit mid-parent values, and lipid content in foxtail millet is regu-
lated by multiple loci (Gu et al. 1991). Broad sense heritability of lipid content can 
be as high as 81 %, which implies that selection of high-oil foxtail millet varieties in 
early generations may be possible in breeding programs.

5.3.3  Heritability and Correlations Among Quantitative Traits

Based on field performance assessments of Chinese foxtail millet accessions (Zhao 
and Jin 1985; Laboratory of Millet Crops, Institute of Crops of Hebei Province 
1975; Liu 1984), the broad sense heritability of primary agronomic traits in foxtail 
millet grown in different eco-regions of China has been determined (Table 5.4). 
Desirable traits exhibiting relatively high heritability in foxtail millet can be selected 
in early generations in pedigree breeding programs.
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Correlations among important agronomic characteristics have been analyzed 
by Chinese breeders. Duan et al. (1990) observed that plant height was positively 
correlated with panicle length, number of primary branches per panicle, and num-
ber of grains per panicle. Panicle length was positively correlated with the number 
of primary branches per panicle, grain weight per panicle, and 1000-seed weight. 
The number of primary branches per panicle was positively correlated with grain 
weight per panicle, while the 1000-seed weight was positively correlated with 
grain weight per panicle. Liu et al. (1990) reported that the grain yield per plant 
was positively correlated with the number of grains per panicle, grain weight per 
panicle, and 1000-seed weight. However, the number of grains per panicle was 
negatively correlated with 1000-seed weight. Li and Ling (1989) determined that 
the grain protein content was positively correlated with 1000-seed weight but 
negatively correlated with grain yield per plant. Most of those findings are pre-
liminary and but have provided useful information for breeders working in foxtail 
millet improvement programs in China.

Table 5.4 Heritability of primary agronomic traits in foxtail millet (Zhao and Jin 1985; Laboratory 
of Millet Crops, Institute of Crops of Hebei Province 1975; Liu 1984)

Rank

Eco-regions of China

Northeast Summer sowing Spring sowing

1 Plant height (85.39 %) Grain weight per hectare 
(94.8 %)

Duration of growth period 
(98.15 %)

2 Duration of growth 
period (84.12 %)

Number of primary 
branches per panicle 
(89.9 %)

Heading date (94.66 %)

3 Days from heading to 
mature (82.18 %)

Plant height (83.4 %) Plant height (88.15 %)

4 Heading date (81.42 %) 1000-seed weight (78.4 %) Days from heading to mature 
(86.66 %)

5 Node number (76.19 %) Panicle length (77.4 %) Node number (85.35 %)

6 Stem diameter 
(73.23 %)

Root number (61.0 %) Number of primary branches 
per panicle (81.12 %)

7 Panicle length 
(72.08 %)

Number of layer of air root 
(59.0 %)

Panicle diameter (77.87 %)

8 Weight of stalk 
(71.33 %)

Grain weight per plant 
(47.3 %)

Number of layer of air root 
(76.74 %)

9 1000-seed weight 
(58.3 %)

Panicle weight per plant 
(39.8 %)

Panicle length (74.18 %)

10 Panicle weight 
(52.58 %)

Grain weight (74.12 %)

11 Grain weight per 
panicle (50.11 %)

Panicle weight (73.96 %)

12 Grain yield per plant 
(41.62 %)

1000-seed weight (68.42 %)

13 Weight of stalk (65.75 %)

14 Stem diameter (61.56 %)
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5.4  Cytogenetics of Foxtail Millet

There are typically nine chromosomes in the nucleus of monoploid Setaria species 
(i.e., gametophytic egg and pollen; n = x = 9) (Avdulov 1931). Green foxtail and 
foxtail millet share the same A genome and are diploid species (2n = 2x = 18) (Li 
et al. 1945; Wang et al. 2009; Zhao et al. 2013).

5.4.1  Foxtail Millet and Green Foxtail Karyotypes

A karyotype presents the morphological characteristics of chromosomes in a species, 
including chromosome number, morphology (i.e., length, diameter, size, and satellite 
position), structure, and Giemsa banding patterns. Karyotypes for foxtail millet and 
green foxtail have been described (Sun et al. 1983; Li and Chen 1985). Based on analy-
ses of 23 foxtail millet varieties, the total length of the nine chromosomes is 21.92–
43.93 μm, while the individual chromosomes are 3.59–5.74 μm. Additionally, only 
chromosome 7 contains a satellite. The haploid karyotype of foxtail millet may consist 
of n = 9 = 7 m + 1st + 1st satellite. The karyotype of green foxtail is identical to that of 
foxtail millet, which is consistent with the fact that green foxtail is the wild ancestor of 
foxtail millet. The observed chromosome length may be influenced by the chemicals 
and pretreatments used before analyses. Therefore, the relative chromosome length (i.e., 
proportion of the total chromosome length) is widely used for karyotype studies. The 
lengths of foxtail millet chromosomes 1 and 2 correspond to 15–16 % and 13–14 % of 
the total chromosome length, respectively. There is a gradual decrease in the lengths of 
chromosomes 3 to 7, and chromosome 8 is the shortest. Chromosome 9 is slightly lon-
ger, (9–10 % of the total chromosome length) (Sun et al. 1983). The relative lengths of 
green foxtail chromosomes 1–9 are 16.54 ± 0.65 %, 13.20 ± 0.76 %, 12.50 ± 0.08 %, 
11.74 ± 0.48 %, 10.23 ± 0.06 %, 9.42 ± 0.58 %, 8.76 ± 0.72 %, 8.27 ± 1.51 %, and 
9.33 ± 1.73 %, respectively. These values are nearly identical to the corresponding values 
for foxtail millet. A comparison between the karyotypes of Chinese and European acces-
sions revealed differences between samples from diverse origins (Sun et al. 1994).

5.4.2  Primary Trisomic Systems of Foxtail Millet  
and Their Utility

Primary trisomic systems are genetic tools that have been used to locate genes and 
identify genetic linkages, especially before molecular markers were developed. A 
foxtail millet primary trisomic system was constructed through the hybridization of 
an artificially 4n Yugu 1 with a naturally 2n Yugu 1 in 1994. This system consisted 
of nine lines corresponding to nine foxtail millet chromosomes (Wang et al. 1994, 
1999; Gao et al. 2000). Individual trisomic lines carry three copies of one of its 
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chromosomes instead of the normal two copies, so the karyotype of the series is 
2n + 1 = 18 + 11, +12, +13… + 19. Because there are three copies of specific chromo-
somes in individual cells, the resulting biochemical reactions cause each trisomic 
line to exhibit its own particular morphological characteristics, which can be used 
to identify chromosomes. The characteristics of the nine trisomic foxtail millet lines 
are provided in Table 5.5. With this system, the Anai3 foxtail dwarf gene was located 
on chromosome 3 (Gao et al. 2000) and the starch Wx gene was detected on chro-
mosome 4 (Mao et al. 2000a, b). Additionally, genes responsible for male sterility 
and yellow leaves were located on chromosomes 6 and 7, respectively (Wang et al. 
2002). More importantly, the relationships between RFLP molecular linkage groups 
and individual chromosomes were characterized, which formed the basis of genomic 
studies involving Setaria species (Wang et al. 1998).

Due to the rapid development of foxtail millet as a model system, detailed and 
accurate deciphering of foxtail millet morphological and agricultural important char-
acters will increase markedly in the near future, which will provide valuable informa-
tion for plant functional genomics and crop domestication and evolution studies. 
Recently published identification of heading date-related QTLs (Mauro- Herrera et al. 
2013), grain yield-related QTLs (Fang et al. 2016), height, tillering and biomass-
related QTL (Mauro-Herrera and Doust 2016), and a large-scale identification of 512 
QTLs for 47 botanical and agronomic characters (Jia et al. 2013) have made a strong 
foundation for further genetic analyses of foxtail millet morphological characters. In 
addition to morphological characters, identification of biotic- and abiotic-stress 
related QTLs via association mapping and linkage mapping are currently under way 
in several labs and relevant results will be published in the near future.

Table 5.5 Characteristics of nine foxtail millet trisomic lines

Trisomics Diagnostic characteristics

Trisomic I (curl leaves) Narrow and short leaves, most leaves curl and erective except basal 
ones, dense and small panicle with some degree of sterile, no tillers

Trisomic II (dark 
green)

Narrow, dark green, short and drooping leaves at seedling, short 
spindle panicle and ellipse grain, some individual have tillers

Trisomic III (tiller 
type)

The shortest plants of the series with many tillers, yellow green and 
dropping leaves, many bristles on the top of the panicle and some 
degree of sterile

Trisomic IV (long 
bricles)

Tall plant with tillers, narrow, short and drooping leaves, loose panicle 
with long bristles and nearly normal seed setting

Trisomic V (slim stem) Slim stem and relatively short, dense panicle and high degree of 
sterile and low seed setting

Trisomic VI (dense 
peduncle)

Short and strong stem, wide, long and dark green leaves with ripples, 
distorted and curled peduncle, and dense panicle

Trisomic VII () Creep, slim and soft stem with tillers, relatively long leaves, loose 
panicle with long bristles

Trisomic VIII (panicle 
with narrow top)

Plant stature similar with wild types, not well-arranged branches on 
the panicle with narrow top, early heading and well seed setting

Trisomic IX (normal 
plant)

Plant stature and panicle morphology similar with wild normal Yugu 
1 with relatively good seed setting
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Chapter 6
Foxtail Millet Breeding in China

Xianmin Diao and Guanqing Jia

Abstract Although there is a long history of foxtail millet cultivation in China, modern 
foxtail millet breeding was only initiated in China in the 1950s and 1960s, with signifi-
cant progress being made since the 1980s. Most of the research on foxtail millet breed-
ing has been conducted in China, where it is an important regional cereal. The main 
research activities from the 1950s to 1970s were comparisons among landraces and 
individual selection, followed by cross-based pedigree selection in the 1970s. These 
comparisons and cross-based pedigree selections contributed greatly to foxtail millet 
improvement in China, including the development of the super cultivars ‘Yugu 1’ and 
‘Zhaogu 1’ in the 1980s. Radiation and chemical- induced mutations have also been used 
in foxtail millet breeding to create novel types, such as dwarf lines. Although different 
types of male sterile lines have been developed over the past 50 years in China, only 
partial genetic male sterile lines (PAGMS) have been used successfully in hybrid seed 
production, allowing the use of heterosis to become a reality in recent years. The foxtail 
millet eco-regions, breeding phases, breeding methodology, and main cultivars grown at 
different times since the 1950s in China are reviewed in this chapter. With the rapid 
advances in foxtail millet genomic sciences, mining and elucidation of quantitative trait 
loci related to important traits will accelerate foxtail millet breeding in the near future.
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6.1  Foxtail Millet Breeding in China

6.1.1  Eco-Regions and Ecotypes of Foxtail Millet in China

Foxtail millet is an ancient crop in China, where it has probably been cultivated 
for 10,000 years. Under long-term selective pressures in different geographical, 
climatic, and anthropogenic regions, foxtail millet has evolved into diverse eco-
types for field production in different regions. Each ecotype includes many vari-
eties with common genetic characteristics that allow them to adapt to certain 
ecological conditions, including differences in photoperiod. The ecological clas-
sification of foxtail millet is pivotal to understanding the characteristics of dif-
ferent groups of varieties and to establish and exchange germplasm collections. 
Studies on the ecological responses of foxtail millet varieties have been concen-
trated in the main foxtail millet production areas of northern China. Several 
different methods for classifying eco-regions have been reported, including 
classification according to the natural climatic conditions of the different foxtail 
millet-producing areas, and the heading dates of various groups of foxtail millet 
varieties (Wang and Guo 1997; Diao et al. 2011). The ‘four ecological regions’ 
theory was developed based on these classifications, and this has been largely 
adopted by Chinese foxtail millet breeders. The four ecological regions of fox-
tail millet are the Northeast Plain, North China Plain, Inner Mongolia Plateau, 
and the Northwest Plateau.

6.1.1.1  The Northeast Plain Eco-Region

This ecological zone includes Heilongjiang, Jilin, and the northern part of 
Liaoning Province in northeast China, which are the northernmost regions of 
China (latitude ≥40°). In this eco-region, the altitude ranges from about 50 to 
200 m, the frost-free period is short, and it is mainly the spring-sowing region for 
foxtail millet cultivation, except for a few zones located in the south of Liaoning. 
The annual rainfall in this region is about 400–700 mm, and rainfall is concen-
trated during summer during the growing season of foxtail millet. The accessions 
in this region have medium–tall plant height (average height, 141.8 cm), medium 
panicle length (22.6 cm), an average 1000-grain weight of 2.77 g, and an average 
growing period of about 110–130 days. Recent simple sequence repeat (SSR) 
and single nucleotide polymorphism (SNP) data have shown that accessions 
from Heilongjiang Province are greatly diverged from those in Jilin and Liaoning 
provinces. The varieties from Heilongjiang were shown to be more light- and 
temperature-sensitive, and consequently, were classified as the early spring-sow-
ing region type. The varieties from Jilin and Liaoning provinces were shown to 
be genetically much closer to the summer- sowing types cultivated on the North 
China Plain (Wang et al. 2012; Jia et al. 2013).
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6.1.1.2  The North China Plain Eco-Region

This eco-region covers the area from the south of the Great Wall to the north of the 
Huaihe River, to the west of the Taihang Mountains and most regions in Hengshan 
distributed in Henan, Hebei, Shandong, Anhui, Jiangsu, Beijing, Tianjin, and other 
provinces or cities (latitude ≤40°). In this eco-region, the average altitude is about 
100 m, and the frost-free period is about 6–8 months. The annual rainfall is about 500–
700 mm, with rainfall concentrated during the foxtail millet growing period in summer. 
This area is appropriate for both spring- and summer-sowing types of foxtail millet. The 
average growing period of spring-sowing varieties is about 110–120 days and that of 
summer-sowing varieties is about 80–90 days. The accessions in this region have a 
medium plant height (average, 127.6 cm), medium to small panicles, and relatively low 
average 1000-grain weight (2.74 g) compared with those of other ecotypes. Foxtail mil-
let was a spring-sowing crop in this region before the 1960s, but became a summer-
sowing crop after the harvesting of wheat from the 1970s onward.

6.1.1.3  Inner Mongolia Plateau Eco-Region

This eco-region includes Hohhot and Chifeng in Inner Mongolia, Fuxin and 
Chaoyang in Liaoning, Chengde and Zhangjiakou in Hebei, Yanbei in Shanxi, and 
the Yulin region in Shannxi Province. This ecological zone is located at high lati-
tudes, with an average altitude of 1000 m. The annual rainfall in this region is about 
400 mm, and the frost-free period is about 5 months. This area is appropriate for 
spring-sowing varieties, with an average growing period of 110–120 days. The fox-
tail millet varieties from this region have an average plant height of 135 cm, large 
panicles (22.9 cm long), and large grains (average 1000-grain weight, 3.52 g).

6.1.1.4  Northwest Plateau Eco-Region

This eco-region includes Gansu, Shannxi, Xinjiang, and the southern part of Shanxi 
Province. In this eco-region, the average altitude is about 1000–1500 m, the annual 
precipitation is about 400–500 mm, and the frost-free period is about 150–180 days. 
This area is mainly appropriate for spring-sowing varieties with a growing period of 
about 110–130 days. Some locations in this region are also appropriate for summer- 
sowing types with a growing period of 85–95 days. The foxtail millet varieties in 
this region have a medium plant height (average, 135.5 cm), medium-long panicles 
(average, 29.3 cm), and medium-large grains (average 1000-grain weight, 3.44 g). 
Recent morphological and molecular studies have identified that varieties from 
Gansu Province are much more light- and temperature-sensitive than those from 
other provinces in this region and are genetically similar to varieties from 
Heilongjiang Province; consequently, they should be classified as the early spring- 
sowing region type (Wang et al. 2012; Jia et al. 2013).
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6.1.2  A Brief Introduction to Modern Foxtail Millet Breeding 
in China

Modern foxtail millet breeding started in the 1950s and 1960s, and significant prog-
ress in foxtail millet cultivar improvement has been made since 1980s. Several books 
or chapters in Chinese have summarized the progress of foxtail millet breeding, 
including “Foxtail Millet Breeding” (1997) edited by Li Yinmei, “Principles of 
Foxtail Millet Genetics and Breeding” by Li (1997), “Genetic Improvement of Foxtail 
Millet” by Diao et al. (2011), and “Foxtail Millet Production and Research System in 
China” by Diao (2011). The development of foxtail millet breeding programs in 
China can be divided into three phases: the direct reselection phase, the pedigree 
cross-breeding phase, and the multiple-methods-integrated breeding phase.

6.1.2.1  Direct Reselection Phase

Modern improvement of foxtail millet varieties began in the 1920s at several institutes 
such as the former Jinling University in Nanjing, the Yanjing Crop Improvement Station 
in Beijing, and the North China Agricultural Research Institute in Beijing. Researchers 
at these institutes started to evaluate and compare genotypes, leading to the release of 
some outstanding cultivars such as ‘Yanjing 811,’ ‘Kaifeng 48,’ and ‘Huanong 4.’ 
During the 1950s–1960s, direct selection from populations with natural variation was 
the main method to improve foxtail millet. The collected landraces were also exten-
sively compared during the 1950s, and superior varieties were selected. The average 
grain yield of foxtail millet was about 915 kg/ha during the 1920s to the 1950s in China.

6.1.2.2  Pedigree Cross-Breeding Phase

The period from the 1960s to the 1970s can be described as the pyramiding cross- 
breeding phase. The Xinxiang Agricultural Research Institute in Henan Province 
initiated cross-breeding and released the cultivar ‘Xinnongdong 2’ in 1959. In this 
method, hybrids are produced by crossing different varieties and super individuals 
or lines are screened from their offspring. After this period, cross-breeding became 
popular throughout the country and it is still the main method of foxtail millet 
breeding today. Since the 1980s, cross-breeding has continued to make substantial 
contributions to foxtail millet improvement in China. Many leading cultivars devel-
oped during this period include ‘Yugu 1’ and ‘Zhaogu 1,’ which were developed in 
the 1980s by the Anyang Agricultural Research Institute in Henan Province and the 
Chifeng Agricultural Research Institute in Inner Mongolia, respectively. Thereafter, 
these two varieties became landmark cultivars contributing to national foxtail millet 
production in China after the 1980s. Many newly developed cultivars are derivatives 
of these two landmark cultivars. The grain yield of foxtail millet in China reached 
1485–1852.5 kg/ha during this period.
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6.1.2.3  Integrated Breeding Phase

Since the 1960s, mutations caused by radiation and chemical treatments have 
been widely used for foxtail millet breeding. In the 1980s, somaclonal variations 
arising in tissue culture were also exploited for foxtail millet breeding. In the 
integrated breeding phase, artificial mutations were integrated with hybridiza-
tion-based pedigree selection to improve foxtail millet. Mutation breeding began 
in 1963 at the Zhangjiakou Baxia Agricultural Research Institute in Hebei prov-
ince. The cultivar ‘Zhangnong 1’ was developed using 60Coγ-ray mutagenesis. 
Beginning in the 1970s, mutation breeding was widely used for foxtail millet 
breeding in China, and this method was responsible for approximately 30 % of 
all cultivars developed over the following 20 years (Yi 1997). Somatic variations 
induced by tissue culture were also exploited to improve foxtail millet (Diao 
et al. 2002), resulting in several cultivars, including ‘Ai 88,’ that were released 
in China. Sterility of the F1 progeny resulting from interspecies hybridization has 
also been relieved through the use of tissue culture (Luo et al. 1993; Zhou et al. 
1988). During this period, the average grain yield of foxtail millet in China 
increased to 2250–3000 kg/ha2.

6.1.2.4  Release of the Super Cultivars ‘Yugu 1’ and ‘Zhaogu 1’ in China

In the 1980s, the grain yields of summer-sown foxtail millet varieties in northern 
China were extremely low because of lodging and leaf diseases. The cultivar ‘Yugu 
1’ was developed by the Anyang Institute of Agricultural Science in Henan prov-
ince in the early 1980s by pedigree selection from the offspring of a cross between 
the land races Riben 60 Days and Tulong. In 1983, ‘Yugu 1’ was authorized and 
released by the Crop Assessment Committee of Henan Province. This variety exhib-
ited excellent agronomic traits, including lodging resistance, a high production rate 
of effective tillers (over 95 %), and high grain yield. ‘Yugu 1’ represented a signifi-
cant breakthrough in combining grain yield and taste quality. During a 2-year field 
trial in 1985 and 1986 in Xinjiang Hami City, ‘Yugu 1’ was identified as a first-order 
drought-tolerant variety. This variety also showed resistance to valley blast, brown 
stripe disease, brown spot, and smut disease. ‘Yugu 1’ also showed wide adaptabil-
ity to environmental conditions, and it has been cultivated in 24 provinces of China 
since its release. Ever since the 1980s, ‘Yugu 1’ has been used frequently as a parent 
in hybrid-based pedigree selection breeding. Currently, nearly 80 % of the cultivars 
released in the summer-sowing regions of China are direct or indirect derivatives of 
‘Yugu 1.’ Today, ‘Yugu 1’ is not only widely cultivated in China, but it is also used 
extensively in breeding and basic research. For example, it was used to generate the 
foxtail millet trisomic series (Wang et al. 1994) and the foxtail millet reference 
genome (Bennetzen et al. 2012).

Around the same time in the 1980s, ‘Zhaogu 1’ was released by the Chifeng 
Institute of Agricultural Sciences in eastern Inner Mongolia. This variety showed 
outstanding lodging resistance, thus solving the lodging problem for spring-sowing 
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foxtail millet varieties. Compared with conventional foxtail millet varieties, ‘Zhaogu 
1’ was shown to be more resistant to white hair diseases. Consequently, this variety 
led to a new generation of high- and stable-yielding and adaptable varieties in 
spring-sowing foxtail millet breeding.

6.1.2.5  Breeding for Taste and Nutritional Quality

As well as higher grain yields, superior taste and nutritional properties are breeding 
targets in Chinese foxtail millet breeding programs. In the long history of foxtail millet 
cultivation, many varieties have been selected for their superior taste, including the four 
well-known Chinese varieties ‘Qinzhouhuang,’ ‘Jinmi,’ ‘Longshanmi,’ and ‘Taohuami.’ 
Although several researchers have tried to establish breeding methods to improve taste 
and nutritional quality over the past 30 years (Gao and Wang 1997), little is known 
about the heredity of these characters, which hampers effective breeding.

Starting from the national “Seventh-Five-Year Plan” in the 1980s, taste and nutri-
tional quality were established as breeding targets and several high-quality and spe-
cial-use cultivars were released. For instance, ‘Jingu 21’ with superior commercial 
quality was released by the Institute of Economical Crops, Agricultural Academy of 
Shanxi Province, and ‘Xiaoxiangmi,’ ‘Jiyou 2,’ and ‘Jite 4’ were released by the 
Institute of Millet Crops, Hebei Academy of Agricultural and Forestry Sciences. 
Since 1988, the Millet Section of the Crop Science Society of China continued a 
national assessment of foxtail millet grain quality, focusing on commercial use and 
superior taste, and more than 80 varieties were designated as good-quality foxtail 
millet cultivars. In the past 60 years, approximately 770 varieties have been regis-
tered or released in China, but only a small subset are still cultivated. Table 6.1 lists 
the leading cultivars grown in China from the 1950s to the present day.

6.1.3  Foxtail Millet Breeding in Countries Other than China

The main foxtail millet breeding programs in countries other than China are in 
India and France. In India, breeding of foxtail millet cultivars began in the 1930s, 
and the cultivars released from the 1970s to the 2000s included the ‘Co’ series 
(Coinbatore), the ‘HK’ series (Bangalore), the ‘K’ series (Bangalore), ‘Arjuna,’ 
‘SIA326,’ ‘Chitra’ (Andhra Pradesh), the ‘SIA’ series (Bihar), ‘K221’ (Karnataka), 
‘Rs118’ (Karnataka), and the ‘SIC’ series (Maharashtra). Most of the foxtail millet 
breeding programs in Korea and Japan were conducted in the early 1900s, and 
almost no breeding has been conducted in those countries since the 1970s. In 
France, foxtail millet was improved for bird-feed production, and herbicide-resis-
tant green foxtail was used to breed the herbicide-resistant foxtail millet varieties 
that were introduced into China in the late 1990s (Wang et al. 2001) (also see 
Chap. 15). Work related to foxtail millet breeding has also been conducted in 
America, Russia, and some other countries.
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6.1.4  Conventional Foxtail Millet Breeding Technologies

6.1.4.1  System Selection

Natural mutations occur frequently in cultivated foxtail millet, and variations can 
also arise from hybrids derived from outcrossing. Therefore, it is possible to develop 
new cultivars from direct selection from the farm field. At the early breeding stage 
in the 1950s, direct selection was popular in China, and even today it is a simple and 
effective method for breeders.

There are two options for direct selection: single plant selection and pooled selec-
tion. For single plant selection, healthy panicles from well-developed robust plants 
with characters matching breeding targets are selected, numbered, and preserved. 
Each panicle becomes a line in the next generation, and different lines are compared 
against the original varieties. Then, conventional pedigree selection over the follow-
ing years results in lines with superior characters. ‘Gonggu 6,’ ‘Changnong 1,’ 
‘Hengyan 130,’ ‘Lugu2,’ and other cultivars were developed using this method. These 
cultivars showed 5–30 % yield increases compared with those of the original varieties. 
The second method, pooled selection, is when varieties cultivated for a long time are 
classified into types based on their variations. For pooled selection, plants with similar 

Table 6.1 Leading cultivars of foxtail millet from the 1950s to the present

Cultivar Cross
Year of 
release Areas of adaptation

Xinnong 724 Mihuanggu reselection 1955 Henan, Hebei, Shandong

Moligu Jiansuijinmiaohuang reselection 1958 Hebei, Beijing, Shanxi

Hualian 1 Huaidehualiangu reselection 1959 Jilin

Angu 18 Daqingmiao reselection 1965 Heilongjiang

Lugu 2 60 days Huancang reselection 1971 Shandong

Jingu 1 Baimujizui reselection 1973 Shanxi

Zhaogu 1 Shuangguayin reselection 1977 Inner Mongolia, Liaoning

Baisha 971 Baishagu reselection 1978 Jilin

Jigu 6 Japan 60 days × Xinnong 724 1982 Hebei, Henan, Shandong

Yugu 1 Japan 60 days × Tulong 1983 Henan, Hebei, Shandong

Longgu 25 Harbin 5 × Longgu 23 1986 Heilongjiang

Yugu 2 An 30 × Xiaoliugen 1989 Henan, Hebei, Shandong

Jingu 21 Jinfen 52 mutation 1991 Shanxi, Shanxi, Inner 
Mongolia

Lugu 10 Yugu 1 × 5019-5 1995 Shandong, Hebei

Jigu 14 Lusuigu mutation 1996 Hebei, Henan, Shandong

Gufeng 2 95307 × 8337 2002 Hebei, Henan, Shandong

Jigu19 Ai88 × Qingfenggu 2004 Hebei, Henan, Shandong

Yugu 18 Yugu1 × Bao282 2012 Henan, Hebei, Shandong, 
Liaoning

Xinjiang, Beijing

From Cheng and Dong (2010), with some modifications
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characters are harvested together as a pool. Then, in the following year, comparisons 
are made among the pools, the original variety, and the check variety in field trials, 
and superior varieties are selected. The foxtail millet cultivars ‘Huanong 4,’ ‘Baisha 
971,’ ‘Changwei 69,’ ‘Lugu 4,’ and others were developed by the pooled method. 
Sometimes the pooled method can be used in combination with the single plant selec-
tion method, depending on the degree of variation in the basic varieties.

6.1.4.2  Cross-Based Pedigree Selection

Cross-based pedigree selection can combine superior characters from different vari-
eties, and it is the most popular method for foxtail millet improvement. The choice 
of the parents and the selection of the best individuals and lines from the offspring 
are the key steps for successful pedigree selection.

Hybrid Parent Selection and Arrangement

Only those varieties with many good traits and few unfavorable ones can be used as 
parents. The two parents in a given cross should have complementary characters, 
especially the main agriculturally important characters. The female parent, which is 
usually a local cultivated variety, cannot have serious defects. Varieties with weak 
photoperiod-sensitivity are usually more adaptable and are good options as parents. 
The parents can have common advantages, but they should not have common weak-
nesses. The breeding targets can be very different for different regions and pur-
poses, so parent selection and arrangement can differ widely depending on the local 
breeding targets.

Method of Hybridization

Because the spikelets of foxtail millet are very small and the flowering time differs 
among spikelets on the same panicle, it is difficult to hybridize different foxtail mil-
let varieties. Chinese breeders have created various methods of hybridization, 
whose labor inputs and effectiveness differ widely (Cheng and Liu 1997). The first 
is artificial emasculation of the foxtail millet spikelet with scissors and tweezers 
before flowering, followed by pollination with male parent pollen. This method is 
labor intensive and time consuming, and it is rarely used today. The second, fre-
quently used, method, is hot water emasculation. In this method, the female panicle 
is soaked in water at 47 °C for 8–10 min and then bagged with male panicles for 
pollination. In the third method, the female panicle or plants are sealed in plastic 
bags in the field for 2–3 days, depending on the environmental conditions. The high 
temperature inside the bag kills the pollen, allowing for subsequent pollination with 
the desired pollen. Various chemicals to kill pollen were also tested for foxtail millet 
emasculation. Although some were effective, they are rarely used in breeding 
because of their limited availability.
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All of these foxtail millet emasculation methods have a common problem; that 
is, the kill rate of the pollen in the female panicle is not 100 %, and so genuine 
hybrids must be identified in the next generation. During breeding, the male parent 
is often a variety with a dominant character, for example, purple vs. green seedling 
sheath, green vs. yellow leaf, or orange vs. white anther. In the F1 generation, indi-
viduals with the dominant characters are usually genuine hybrids that can be used 
for subsequent breeding activities. Some quantitative characters can also be used for 
hybrid identification. For example, early heading and tillering are usually dominant 
traits, and the F1 hybrids could have heading dates similar to that of the early head-
ing parent or between those of the two parents.

Pedigree Selection of Hybrid Offspring

Segregation in the second-generation (F2) is complex, especially for those hybrids 
whose parents are very different phenotypically and genetically, or whose parents are 
from different ecotype origins. The population size of the F2 generation depends on the 
degree of difference between the parents, and a larger population size is required for 
hybrids of vastly different parents and/or those with characters that have a low fre-
quency of recombination, to increase the chances of selecting targeted individuals. 
Breeding experience has verified that the selection of heading date, maturity date, dis-
ease and insect resistance, plant height, grain color, kernel color, and stem strength 
(lodging resistance) in the F2 generation is effective, because those characters are easy 
to select for in early generations. Relatively larger numbers of individuals with different 
combinations of characters should be selected from hybrids with superior parents.

In the F3 generation, most agronomically important characters are still segregat-
ing, and individuals with new combinations of different traits are also emerging. In 
some lines, the degree of segregation in the F3 generation seems to be smaller than 
that in the F2 generation. For this generation, the selection focus should be on char-
acters with complex genetic backgrounds such as yield and nutritional characters. 
Individual plant selection should be carried out to obtain lines with superior charac-
ters that are still segregating. Those lines that do not match the breeding target 
should be rejected. The F2 and F3 generations are the key generations for pedigree 
selection, and it is important to establish appropriate selection criteria for individual 
plants and to keep a sufficient but not an excessive number of lines. It is important 
to select individual plants according to the established objectives.

From the fourth to the seventh generations, more and more lines become geneti-
cally stable with the increasing number of generations, and the degree of segrega-
tion becomes smaller. The selection focus is to identify superior lines that match the 
breeding targets and to select lines that are still segregating. Comprehensive com-
parisons among lines should focus on the breeding targets as criteria, and only a 
small number of lines matching the breeding targets with superior characters and 
stable inheritance should be selected for the final test. Most other lines will be aban-
doned at this point. If some important traits are still segregating in a superior line, 
individual plant selection is still necessary.
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The final test of the selected lines is to compare grain yield and quality among 
different locations and different years. Only those lines with superior characteristics 
and wide adaptability can be registered as new cultivars and released to farmers.

Breeding experience has verified that the grain yield of foxtail millet is positively 
correlated with grain weight of the main panicle and flag leaf area, and the straw 
yield is positively correlated with plant height and growth duration. The taste and 
nutritional qualities are usually tested at higher generations. Protein and fat contents 
are positively related to seed size and negatively related to panicle length. Those 
corelationships can be used to guide the selection of individuals and lines.

Foxtail millet is sensitive to photoperiod, temperature, and other environmental 
factors, and so it is important to grow hybrid offspring in different environments to 
select for wide adaptability. Lines with few morphological changes in different 
environments usually have wider adaptability. For successful breeding, the nursery 
field should be a little more fertile than the targeted extension field.

6.1.4.3  Breeding Using Radiation and Chemical-Induced Mutations

The roles of radiation and chemical-induced mutations in the breeding of foxtail millet 
have been summarized by Yi (1997). Because dry seeds are easy to store, transport, and 
treat, they are usually the materials used for radiation breeding. However, wet seeds, 
pollen, and even entire plants can be subjected to radiation to induce mutations. There 
are external and internal radiation treatments for seeds. The external radiation treatment 
is usually 60Co γ rays irradiated onto dry seeds with a 30,000–40,000 roentgen dosage, 
as dosages higher than this are lethal to seeds. If the seed moisture content is high, the 
treatment dosage is lower. For internal irradiation, seeds of foxtail millet are generally 
soaked in solutions of chemicals containing 32P or 35S. When these elements are 
absorbed, they emit radiation and cause DNA mutations in the treated plants. Other 
chemicals have also been used to induce DNA mutations in foxtail millet, including 
ethyl methanesulfonate (EMS) (Li et al. 2015) and other chemicals (Yi 1997).

The treated seeds and the plants obtained from them are the M1 generation, and 
usually there is no selection in this generation. However, if there is clear segregation, 
some individual plants can be selected. The M1 seeds and plants must be  cultivated 
carefully in optimum conditions. After harvesting, 15–20 seeds are collected from 
each of the M1 individual plants, so as to form a mixed pool designated as M2. The 
number of seeds collected from each M1 plant varies depending on the number of M1 
plants and the size of the M2 pool that have been specified in the experimental design. 
Because of genetic segregation in the M2 generation, this generation must be observed 
carefully throughout the whole growing period, in order to select individuals with 
characters matching the breeding objective. A large number of plants should be 
selected for those pools with fine characters and wide segregation, and pools with no 
segregation and/or with bad agronomic phenotypes should be discarded. The selected 
M2 individuals are grown as lines in the M3 generation. In this generation, the selec-
tion should focus on line identification, and individual plants should be selected from 
the best-performing lines. Because most lines become genetically stable in the M4 

X. Diao and G. Jia



103

generation, the main task for this generation is to comprehensively assess the lines. 
Lines with good characters matching the breeding targets are selected based on yield 
and other characters for the final regional adaptation trials.

Most radiation-induced mutations are recessive mutations and can only be 
selected in the homozygous form after the M3 generation. However, many research-
ers have found dominant mutations in the M1 generation, and these can be selected 
in the early generations. So far, more than 40 foxtail millet cultivars have been 
developed by radiation breeding (Yi 1997) and EMS-induced mutation has played 
an important role in functional genomics research (Li et al. 2015, 2016).

6.1.4.4  Polyploid Breeding

The ploidy levels of Setaria species vary, but domesticated foxtail millet is a true 
diploid. Because tetraploid species usually have larger seeds, scientists have been 
very interested in the breeding of tetraploid foxtail millet. In the 1960s and 1970s, 
polyploid breeding programs developed some tetraploid foxtail millet lines such as 
‘Wulijin,’ ‘Jiaqihuang,’ and ‘Chaoyanggu.’ Also, a few foxtail millet landraces with 
large seeds were identified as natural tetraploids.

Compared with diploid lines, tetraploid foxtail millet lines have shorter, thicker, 
wider leaf blades, and the blade surface is wrinkled. They also have larger spikelets, 
pollen grains, and seeds, later heading dates, and longer growth duration. The tetra-
ploid plants are shorter than diploid ones and have smaller panicles. The seed set-
ting rate of the tetraploid foxtail millet is low, leading to low grain yield (Ahanchede 
et al. 2004). The low grain yield is the main reason why no tetraploid foxtail millet 
cultivars have been released so far.

However, there are other purposes for tetraploid foxtail millet besides grain produc-
tion. Tetraploid foxtail millet can be used for distant hybridizations with other tetraploid 
Setaria species such as Setaria faberii (Chen et al. 1997; Wu and Bai 2000) and Setaria 
yunnanensis (Zhou et al. 1988). Tetraploid foxtail millet has also been used to construct 
the foxtail millet trisomic system and in other genetic research (Wang et al. 1994).

There are several different ways to develop tetraploid foxtail millet. The most 
popular method is to treat seeds with an aqueous solution of colchicine (0.02–
0.05 % w/v) for 3–5 days. Other methods include variable-temperature processing 
of panicles and treatment of young seedlings or tissue-cultured calli.

6.1.4.5  Distant Hybridization

Distant hybridization between different species and/or between different genera can 
transfer genes from wild to domesticated cultivars. Because foxtail millet is a rela-
tively regional crop, there are only a few research groups that specifically focus on 
it. Therefore, few distant hybridization breeding and related studies have been con-
ducted for foxtail millet. The earliest report of distant hybridization in foxtail millet 
was in 1942 by Li et al., who described the hybridization of foxtail millet with green 
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foxtail and S. faberii. Based on this study, they identified that green foxtail is the 
ancestor of foxtail millet. In the 1960s to 1990s, there were many attempts to hybrid-
ize foxtail millet with green foxtail, S. faberii, Setaria glauca, S. yunnanensis, 
Setaria verticillata, and other species, with the goal to develop cytoplasmic male 
sterile (CMS) lines. Although many distant hybridization attempts were made, real 
hybrids were only obtained from crosses between foxtail millet and green foxtail, S. 
faberii, S. verticillata, and S. yunnanensis (Zhu et al. 1987; Chen et al. 1997; Zhou 
et al. 1988; Wu and Bai 2000; Zhi et al. 2007). Since 2000, distant hybridizations 
were successfully used to transfer herbicide resistance genes from wild green fox-
tail into domesticated foxtail millet (Chap. 15). The wild germplasm of Setaria is 
certainly a rich gene pool for the improvement of foxtail millet. Therefore, it is 
reasonable to expect that distant hybridizations will be a powerful tool to improve 
foxtail millet in the future.

Because of the close relationship between foxtail millet and green foxtail, crosses 
between these two types cannot be regarded as distant hybridization. They produce 
a fertile hybrid, which makes it possible to construct recombinant inbred lines for 
domestication-related studies and other developmental research, such as the charac-
terization of the foxtail millet root system (Zhang et al. 2014).

6.2  Heterosis Utilization in Foxtail Millet

6.2.1  Brief History of Research on Foxtail Millet Heterosis 
Utilization in China

Heterosis, where hybrids show better growth and grain yield than their parents, is a 
common phenomenon in crops. Because foxtail millet is a self-fertilizing species with 
a small spikelet, hybrid seeds can only be produced with the development and use of 
male sterile lines. The successful use of cytoplasmic male sterile lines in the breeding 
of rice and other crops prompted foxtail millet breeders to try to develop CMS lines 
during the 1960s, when the foxtail millet heterosis-utilization breeding program 
started. The first male sterile foxtail millet was reported by Takahashi (1942) from 
Japan. In China, the first male sterile line ‘Yanxing’ was reported in 1967 by Zhu 
Guanqin and was developed at the Yan’an Agricultural Research Institute of Shannxi 
Province (Zhu et al. 1991). Since then, many male sterile materials have been identi-
fied in farm fields, but none has been successfully developed into a CMS line.

Researchers attempted to develop CMS lines via distant hybridizations of foxtail 
millet with other Setaria species in the 1970s and 1980s. Only one CMS line was 
produced, and it was never used in hybrid seed production (Zhu et al. 1991). In the 
early 1970s, the first partial genetic male sterile (PAGMS) line, ‘Suanxi 28,’ was 
developed by Cui Wensheng at the Baxia Institute of Agricultural Science, Hebei 
province. This led to the successful utilization of heterosis in foxtail millet with a 
two-line system (Cui et al. 1979). In this system, the male sterile line retains 
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approximately 3 % male fertile spikelets, which can reproduce the male sterile line, 
and hybrid seeds are produced via hybridization of the PAGMS line with restoration 
lines. A foxtail millet hybrid cultivar produced using this system, ‘Suanxi 
28’ × ‘Zhangnong 10,’ was released in the late 1970s. Even today, the two-line sys-
tem is the only one used for foxtail millet hybrid seed production. In the 1980s, a 
genetic dominant male sterile line was developed via hybridization between the 
landraces Aodaliyagu and Tulufan, and a hybrid seed production system was sug-
gested with this dominant male sterile line (Hu et al. 1986, 1993).

In the 1990s, many foxtail millet breeders in China focused on developing photo- 
thermo sensitive genetic male sterile (PTGMS) lines, and although several PTGMS 
lines were developed during this period (Zhao et al. 1994, 1996; Wang et al. 2003), 
none of them has been used successfully for hybrid seed production. In the first 
decade of this century, the development of herbicide-resistant restoration lines made 
the PAGMS two-line system a great success in foxtail millet heterosis utilization, 
and several new hybrid cultivars were released, including ‘Zhangzagu 5,’ ‘Zhangzagu 
8,’ and ‘Changza 2.’ Compared with conventional varieties, hybrid foxtail millet 
varieties show greatly increased grain yield in suitable cultivation regions, with 
reported grain yields as high as 7500 kg/ha.

6.2.2  Heterosis Performance in Foxtail Millet

Many studies have shown that hybrid vigor, or heterosis, of foxtail millet is evident 
in many characteristics including seedling viability, growth potential, biotic and 
abiotic stress resistance, and grain yield. However, the specific advantages differ 
widely among different hybrids.

Compared with their parent lines, hybrids showed faster seed germination and 
1–2 days’ earlier seedling emergence from soil (Cui et al. 1979), indicating hybrid 
growth vigor over conventional lines. The growth-related characterization of six 
foxtail millet hybrids, including ‘38A’ × ‘Hui 329,’ showed that the dry weight of 
hybrid seedlings was 15 % greater than that of their parents. Also, the hybrid plants 
were taller, produced more secondary roots, and had a greater stem diameter, com-
pared with their parents and the control. Li et al. (1963) reported that the heading 
date of hybrid foxtail millet is usually earlier than those of their parents. Cui et al. 
(1987) observed that the foxtail millet hybrids ‘Suanxi 28’ × ‘Zhangnong 10’ and 
‘Huangxi 4’ × ‘1007’ were more drought resistant than conventional varieties. A 
drought in 1984 resulted in reduced heading or no heading in conventional varieties, 
but did not affect heading in these three foxtail millet hybrids.

Many studies have indicated that heterosis is more evident for grain yield per 
plant than for other yield-related characters, with grain yield being 20–30 % higher 
in hybrids than in their parents (Li et al. 1963; Du 1984). The main reason for this 
increase is increased number of spikelets per panicle. However, not all hybrids 
show heterosis in grain yield. In one study, 57 % of 533 hybrids showed heterosis 
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over their parents, but only 4 % of those hybrids produced a higher grain yield than 
that of the local control cultivar (Cui et al. 1987). In addition to grain yield, some 
hybrids show heterosis in protein content, vitamin content, and other characteristics 
(Ji 1990).

The performance of foxtail millet heterosis is closely related to the geographical 
origin of their parents and/or genotype differences. Among 251 hybrids produced 
from the male sterile lines ‘Suanxi 28’ and ‘Huangxi 4,’ hybrid vigor was stronger 
in the offspring of distantly related parents than in the offspring of two local parents. 
Hybrids produced with cultivars as parents showed 71.4 % heterosis, while hybrids 
produced with landraces as parents showed only 30.0 % heterosis, indicating that 
the newly developed cultivars are advantageous in hybrid foxtail millet production 
(Cui et al. 1987).

6.2.3  Development of CMS Lines of Foxtail Millet

In the early days of development of male sterile foxtail millet lines in the 1960s 
and 1970s, spontaneous male sterile mutations identified in farm fields were 
crossed with other genotypes to develop CMS lines, but no true CMS line was 
developed. Cui Wensheng from the Baxia Agricultural Institute and other breeders 
conducted many crosses with landraces from distant geographical origins, and 
although these crosses created several male sterile foxtail millet lines, no CMS 
line was developed (Cui and Gui 1984). As the wild ancestor of domesticated 
foxtail millet, green foxtail has been used as the maternal parent in crosses with 
domesticated foxtail millet to develop CMS lines. More than 30 crosses with 
green foxtail were conducted in 1987 by Zhu et al. and several hundred similar 
crosses were conducted the 1970s by different breeders in China. Although a few 
male sterile lines were created (Zhu et al. 1987; Zhi et al. 2007), no true CMS line 
was developed. In the late 1980s and early 1990s, the research group lead by Zhu 
Guanqin at the Shanxi Academy of Agricultural Sciences conducted many distant 
crosses between S. faberii, S. verticillata, and S. yunnanensis as the female parents 
and foxtail millet as the male parent. Hybrid plants were successfully obtained 
from S. faberii and S. verticillata as parents, but no F1 individual was obtained 
from the cross using S. yunnanensis as the female parent, even when hybrid 
embryos were rescued by tissue culture (Zhou et al. 1988). Because of the tetra-
ploid nature of S. faberii, S. verticillata, and S. yunnanensis, tetraploid foxtail 
millet lines created by artificial chromosome duplication were used for crosses, 
and then back-crossed several times with diploid foxtail millet to restore the dip-
loid character. Among the two successful distant crosses with S. faberii and S. 
verticillata as the female parents, a single hybrid offspring of S. verticillata was 
developed into a CMS line. It was designated as the Ve CMS line of foxtail millet, 
because its cytoplasm comes from S. verticillata (Zhu et al. 1991). This is the only 
CMS line reported in foxtail millet breeding so far, and for unknown reasons this 
line has not been used to produce hybrid seeds.
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6.2.4  Identification of the Ch Dominant Male Sterile Line 
in Foxtail Millet

Hu et al. (1986) reported the first genetic dominant male sterile line ‘Ch78182’ 
identified among the offspring of a cross between the Australian landrace 
Aodaliyagu, (meaning Australia) and the Chinese landrace Tulufan from Xinjiang. 
‘Ch78182’ was designated as the Ch dominant male sterile line, because it was 
developed in Chifeng Agricultural Institute of Inner Mongolia. The individual male 
sterile plant was first identified in 1976, and an inheritance study confirmed its 
genetically dominant nature (Hu et al. 1993). Screening for restoration lines identi-
fied that ‘181–5’ could fully restore the male fertility of ‘Ch78182.’ An inheritance 
study showed that lines ‘181–5’ carry the epistasis gene GG, which suppresses the 
expression or function of the dominant male sterile gene ChCh. These two genes, 
GG and ChCh, were found to be linked in the foxtail millet genome. The male ster-
ile individuals could be genotyped as ChChgg and Chchgg, and any genotype with 
--G- was male fertile (Hu et al. 1993). The main reason for the male sterility of ‘Ch 
78182’ line was shown to be the elimination of anther dehiscence. That study 
showed that pollen development is nearly normal inside the anther, and fully devel-
oped mature pollen grains accumulate inside the anthers (Diao et al. 1991). Later, 
Hu et al. (1993) identified that ‘Ch 78182’ could self-pollinate to some degree, lead-
ing to 6–10 % seed setting in Hainan Province of Southern China, implying that 
environmental factors affect anther dehiscence. Plants from those self-pollinated 
seeds are thoroughly male sterile in northern China, where foxtail millet is culti-
vated for grain production. According to all those characters of the dominant male 
sterile line ‘Ch 78182’ and its putative restoration lines ‘181–5,’ a hybrid seed pro-
duction system was suggested, as shown in Fig. 6.1 (Hu et al. 1993). However, 
because of the complexity of this system, it has not been used for the commercial 
production of foxtail millet hybrid seeds.

6.2.5  Development of Photo- or Thermo-Sensitive Genic Male 
Sterile Lines

Photo- or thermo-sensitive genic male sterility (PTGMS) was successfully used in rice 
hybrid seed production in China from the 1990s, and this captured the interest of many 
foxtail millet breeders. The first foxtail millet PTGMS line ‘292’ was developed in 
1989 from pedigree selection of a cross between two landraces, Cai 5 and Ce35-1, at 
the Baxia Institute of Agricultural Sciences (Zhao et al. 1994). The ‘292’ line was 
made male fertile to some degree by a short photoperiod treatment (13 h or shorter), 
and made male sterile by a longer photoperiod treatment (14 h or longer). This sug-
gested that male sterile lines could be produced in short-day conditions (winter) in 
Hainan by self-pollination of ‘292,’ and hybrid seeds could be produced in long- day 
conditions in summer in northern China. Based on line ‘292,’ many crosses were made 
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with different landraces and cultivars, and different PTGMS lines were developed, 
including ‘821’ which was much more stable than ‘292.’ An inheritance study on ‘821’ 
identified that the PTGMS male sterile gene was a single recessive one (Zhao et al. 
1996). Wang et al. (2003) developed the PTGMS lines ‘SMPA 1,’ ‘SMPA 2,’ ‘SMPA 
3,’ and ‘SMPA 4,’ all derivatives of ‘292.’ The grain yields of the hybrids produced 
from those lines were more than 15 % higher than that of the local control cultivar. 
Another PTGMS foxtail millet line, ‘Guang A1,’ was developed by Cui et al. (1991). 
This line was derived from pedigree selection of the cross between the landraces 
Aodaliyagu and Zhongweizhuyeqing. ‘Guang A4’ was developed from the offspring 
of a cross between ‘GuangA1’ and the landrace Jiugenqi by Zhao and Cui (1994). 
Characterization of photosensitivity showed that a short photoperiod treatment (10–
12 h) resulted in 45 % sterile pollen in ‘Guang A4’ with 33.2–38.2 % seed setting by 
self-pollination. A longer photoperiod treatment (15 h) resulted in 99 % sterile pollen 
with a 0.1 % seed setting rate (Zhao and Cui 1994). Although there have been several 
reports of PTGMS in foxtail millet, no hybrid cultivar developed using this technology 
has been released so far. This is probably because the stability of the male sterile char-
acter of PTGMS differs in unstable environmental conditions and from year to year. 
This should be studied in detail in the future.

Fig. 6.1 Chart of hybrid seed production using Ch dominant male line, modified from Hu et al. 
(1993). Chch represents dominant male sterile gene and Gg represents epistasis gene of Ch. 
Chchgg genotype can self-pollinate in southern China (Hainan or Zhanjiang) with a 6–10 % seed 
setting rate, thereby producing ChChgg and chchgg lines. ChChgg genotype can maintain itself in 
southern China by self-pollination, and is crossed with chchgg genotype to enlarge male sterile 
seed pool. Chchgg is crossed with GG restoration line to produce hybrid seeds for commercial 
foxtail millet production
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6.2.6  Successful Heterosis Utilization in Foxtail Millet 
with PAGMS Lines

Cui Wenshen from the Baxia Institute of Agricultural Sciences identified an individual 
male sterile foxtail millet plant from the landrace Hongmiaosuanpibai in 1969. 
Consecutive selections developed this male sterile plant into a partial genic male ster-
ile line (PAGMS) line, which was named ‘Suanxi 28.’ A characterization and inheri-
tance study demonstrated that 97 % of its spikelets were male sterile and 3 % were 
male fertile. With its 3 % male fertile spikelets, ‘Suanxi 28’ could achieve approxi-
mately 5 % seed setting by self-pollination, and the progeny of those self- pollinated 
seeds retained the 97 % male sterile character. An inheritance study of the male sterile 
character demonstrated that it is controlled by a single recessive gene, and all normal 
landraces or cultivars can restore male sterile to male fertile ones (Cui et al. 1979). 
This is a distinct type of male sterility, which was named Gaoduxiongxingbuyu in 
Chinese, meaning highly male sterile, but the term “partial genic male sterile line” is 
more appropriate in English (Diao 2014). Similar to ‘Suanxi 28,’ other PAGMS lines 
were also developed from different source of male sterile origin, such as ‘Huangxi 1,’ 
‘Huangxi 4,’ and ‘Huangmi 1.’ The male sterile genes of ‘Suanxi 28’ and ‘Huangxi 1’ 
were transferred into different foxtail millet genotypes and several PAGMS lines were 
developed. Other PAGMS lines similar to ‘Suanxi 28’ were developed at different 
institutes in China in the late 1980s and 1990s, such as ‘1066 A,’ ‘350 A,’ ‘Jinfen A,’ 
and ‘Gao 146A’ (Wang et al. 1993; Li et al. 2011; Yang et al. 2007).

The advantage of this system is that it is easy to maintain male sterile seeds with 
one line and easy to screen restoration lines from common cultivars. The disadvan-
tage of this system is that false hybrid seeds must be eliminated from the hybrid 
seed pool. In the late 1970s, false hybrid plants were removed by hand at the seed-
ling stage in field trials, and were identified based on color, as false male sterile 
hybrid seedlings were yellow instead of green. The labor-intensive nature of this 
system restricted the use of these hybrid cultivars, even though several cultivars 
showed substantially increased grain yields, such as ‘Suanxi 28’ × ‘Zhangnong 10’ 
and ‘Huangxi 4’ × ‘1007’ (Cui et al. 1979). In the first decade of this century, an 
herbicide resistance gene was transferred into foxtail millet from wild green foxtail, 
and herbicide-resistant cultivars were released (see Chap. 15). Hybrid seeds pro-
duced using herbicide-resistant foxtail millet cultivars as the restoration line retain 
the herbicide-resistant character, and so false male sterile plants can be easily killed 
by spraying with herbicide. This has created a new opportunity for the successful 
utilization of PAGMS foxtail millet lines (Wang et al. 1996).

The development of PAGMS lines and herbicide-resistant restoration lines has 
made it possible to utilize foxtail millet heterosis. Consequently, more than ten 
hybrid cultivars produced using this system have been released during the past 10 
years in China. Most of these cultivars were developed at the Zhangjiakou Institute 
of Agricultural Sciences in Hebei Province. According to data from the National 
Test for Regional Adaptability (TRA) of foxtail millet cultivars at the National 
Extension Center for Agricultural Technology from 2000 to 2002, the grain yield of 
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hybrid foxtail millet ‘Zhangzagu 1’ was 5494.5 kg/ha, 19.78 % greater than that of 
the control variety ‘Datong 14.’ In the TRA trial in 2004, Zhangzagu 3 had a grain 
yield of 4455 kg/ha, 19.13 % greater than that of the control variety. In the TRA trial 
in Shanxi Province, the grain yield of the foxtail millet hybrid ‘Changzagu 2’ was 
17 % greater than that of the control.

Today, foxtail millet is an important crop in arid and semi-arid regions, and it is 
potentially important for a much drier and warmer climate in the future. As a self- 
pollinated diploid species with a small genome, foxtail millet is fast becoming a 
new model plant for functional genomics and its wild progenitor, green foxtail, is 
becoming a model plant for research on C4 photosynthesis and abiotic response. 
Progress in research on the germplasm, conventional breeding, functional genom-
ics, and molecular breeding of foxtail millet will certainly improve research on 
heterosis in this crop.

Several breeding groups in China are focusing on the utilization of foxtail millet 
heterosis with PAGMS lines and have developed new super hybrid cultivars. However, 
few researchers are attempting to create new types of male sterile lines. Since 2007, 
three foxtail millet hybrid varieties have been released in Shanxi Province, and at 
least five new varieties are being evaluated in field trials in the National Test for 
Regional Adaptation of foxtail millet cultivars. Research efforts have improved fox-
tail millet heterosis utility, and analyses of population structure and heterotic groups 
by combining ability tests and molecular methods are underway. Therefore, we fore-
cast a promising future for the utilization of foxtail millet heterosis.

6.3  Perspectives for Foxtail Millet Breeding

As a cereal with a long history of cultivation as a staple crop in arid and semiarid 
regions, foxtail millet is now recognized as a crop suitable for cultivation in the drier 
and warmer conditions predicted in the future. As such, it is receiving more attention 
as a sustainable agricultural crop (Li and Brutnell 2011; Lata et al. 2013; Diao et al. 
2014). In the past 60 years in China, four great achievements have been made in 
foxtail millet breeding. First, a comprehensive germplasm collection of Setaria was 
established, comprising 27,760 accessions from all of the ecological regions of fox-
tail millet cultivation in China. These accessions are housed at the Chinese Gene 
Bank. Second, the grain yield and food quality of foxtail millet were greatly improved 
in the 1980s through the development of the super cultivars ‘Yugu 1’ and ‘Zhaogu 1,’ 
with most of the recently released cultivars being derivatives of these two genotypes. 
Third, the introduction of the gene conferring resistance to the herbicide sethoxydim 
from green foxtail into foxtail millet made its cultivation system more suitable for 
modern agriculture. Finally, the development of hybrid cultivars of foxtail millet 
through the PAGMS two-line system created a new method of heterosis utilization 
for this crop, distinct from the well-known CMS and PTGMS systems. All of those 
achievements have not only enriched the theory of plant breeding but have also 
established a firm foundation for the development of Setaria as a model species.
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Compared with rice, wheat, maize, and other major cereals, conventional and 
hybrid cultivars of foxtail millet still have a low grain yield potential. Increasing the 
yield potential is one of the main goals of foxtail millet breeding. In northern China, 
foxtail millet is mainly consumed as a gruel for breakfast and dinner, mainly because 
the kernels of foxtail millet are more suitable for gruel than for preparation as a main-
meal grain like rice. If the quality of foxtail millet kernels can be improved to a point 
where it can be prepared as a main food, then this will promote foxtail millet as a 
future main crop. Foxtail millet is a well-known drought-tolerant crop. This has been 
learned mainly from experience, and there is no detailed scientific data on its drought 
tolerance or water use efficiency. Consequently, it has been difficult to establish 
breeding programs to improve its drought tolerance and water use efficiency. Other 
characteristics that are important in breeding include resistance to diseases such as 
leaf rust and blast disease, and pests such as nematodes and other insects.

The recent advances in genome sequencing and functional genomics research 
on Setaria will lead to substantial changes in the breeding methods for foxtail 
millet in the near future. The elucidation of characters related to photosynthesis 
and grain yield and the molecular interaction networks between them will acceler-
ate improvements in the yield potential of foxtail millet. It is possible that foxtail 
millet will become a major crop in dry land agriculture, with a grain yield poten-
tial similar to those of maize and sorghum. Using a combination of association 
and linkage mapping populations, the Foxtail Millet Research Team at the Chinese 
Academy of Agricultural Sciences (CAAS) is now elucidating coding genes and 
dominant alleles of foxtail millet related to taste and commercial and nutritional 
quality, with the aim to improve foxtail millet to the point where it can become a 
widely used crop. Breeders at the Institute of Millet Crops, Hebei Academy of 
Agricultural Sciences, and at the Institute of Crop Sciences, CAAS, are currently 
developing markers for resistance to leaf rust and blast disease. Several research 
groups in India, China, and America are currently deciphering genes, alleles, and 
molecular networks related to drought resistance of foxtail millet (Wang et al. 
2016; Qie et al. 2014; Qi et al. 2013). The results of those studies, as well as 
recent progress in research on the drought resistance of other crop species, will be 
useful for the molecular breeding of highly drought-tolerant cultivars of foxtail 
millet and other crops in the near future.
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Chapter 7
Genetic Differentiation and Crop Evolution 
of Foxtail Millet

Kenji Fukunaga

Abstract Several studies on genetic differentiation and crop evolution based on 
intraspecific hybrid pollen semi-sterility, isozymes, ribosomal DNA (rDNA) RFLP, 
nuclear RFLP, mitochondrial DNA (mtDNA) RFLP, RAPD, AFLP, transposon dis-
play (TD) markers, and single nucleotide polymorphisms (SNPs) have been carried 
out to elucidate genetic relationships of foxtail millet accessions, mainly from 
Eurasia. Most of the studies suggest that China is the center of diversity of foxtail 
millet and that landraces are grouped in geographical groups. Evolution of two 
genes, waxy gene controlling amylose content in endosperm and polyphenol oxi-
dase (PPO) gene for phenol color reaction (Phr) in grains, was also reviewed. These 
analyses showed that multiple independent loss-of-function mutations occurred in 
each of the two genes under human/natural selection.

Keywords Center of diversity • Crop evolution • Domestication • DNA markers  
• Geographical variation • Genetic differentiation • Phylogeny • Polyphenol oxidase 
(PPO) gene • Waxy gene • Foxtail millet • Green foxtail

7.1  Hypotheses on Geographical Origin of Foxtail Millet 
and Crop Evolution of Foxtail Millet

Foxtail millet, Setaria italica (L.) P. Beauv., is one the oldest domesticated cereals 
in the Old World. Archaeological remains of foxtail millet were found in sites of 
Peiligang and Cishan near the Yellow River, dating back to ca. 5000–6000 BC (Li 
and Wu 1996), in prehistoric sites in Europe (Kűster 1984) and in Transcaucasus 
(Lisitsina 1976). Foxtail millet has been utilized in various ways peculiar to each 
area of Eurasia (Sakamoto 1987), and it is thought to have played an important role 
in early agriculture in the Old World.

The geographical origin of foxtail millet is still a controversial issue. Cytological 
studies indicate that the wild ancestor of foxtail millet is green foxtail (S. italica ssp. 
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viridis = S. viridis) (Kihara and Kishimoto 1942; Li et al. 1945). However, the geo-
graphical origin of domesticated foxtail millet cannot be determined from the dis-
tribution of ssp. viridis, since it is found commonly in various areas in Europe and 
Asia (and also currently in the New World). Vavilov (1926) stated that the principal 
center of diversity for foxtail millet is East Asia, including China and Japan. Harlan 
(1975) suggested independent domestication in China and Europe based on archae-
ological evidence. The archaeological, isozyme, and morphological evidences (de 
Wet et al. 1979; Jusuf and Pernes 1985; Li et al. 1995a, b) suggest that China is the 
center of diversity and origin of foxtail millet but independent origins in other 
regions of this millet cannot be excluded. Further, Li et al. (1995b) stated that land-
races in Afghanistan and Lebanon had been domesticated independently in rela-
tively recent times because they had primitive morphological characters such as 
several tillers with small panicles and look like ssp.viridis but have non-shattering 
large grains. Molecular analyses support the view that foxtail millet landraces have 
differentiated into local landrace groups and that China is the center of diversity 
(isozymes: Jusuf and Pernes (1985); prolamin: Nakayama et al. (1999); rDNA: 
Fukunaga et al. (1997a, 2006), Schontz and Rether (1998), Eda et al. (2013); RAPD: 
Li et al. (1998), Schontz and Rether (1999); AFLP: Le Thierry d’Ennequin et al. 
(2000); genomic RFLP: Fukunaga et al. 2002b, mitochondrial DNA RFLP: 
Fukunaga and Kato 2003, transposon display; Hirano et al. 2011). Recent archaeo-
logical evidence also supports the domestication of foxtail millet in China (Nasu 
et al. 2007; Hunt et al. 2008). In contrast to the hypothesis of Chinese origin and 
multiple origin, Sakamoto (1987) suggested that foxtail millet originated some-
where in Central Asia–Afghanistan–Pakistan–India because accessions with less 
compatibility (Kawase and Sakamoto 1987) and with primitive morphological 
traits are found there. This hypothesis, which excludes China as a center of origin 
of foxtail millet, is very different from the others.

In this chapter, we review studies on genetic differentiation of foxtail millet land-
races from various parts of Europe and Asia in morphological/agronomic charac-
ters, biochemical markers, intraspecific pollen sterility, and DNA markers. We also 
review evolution of two genes, Waxy and Polyphenol oxidase (PPO), which were 
selected during domestication and dispersal of foxtail millet.

7.2  Variation in Morphological Characters

Variation in morphological and agronomic characters involved in domestication and 
diversification of foxtail millet has been described and analyzed: (Dekaprelevich and 
Kasparian 1928; de Wet et al. 1979; Kawase 1986; Takei and Sakamoto 1987, 1989; 
Prasada Rao et al. 1987; Ochiai et al. 1994; Li et al. 1995a, b; Ochiai 1996; Fukunaga 
et al. 1997b; Hammer and Khoshbakht 2007). Some researchers classify foxtail mil-
let landraces into two to four subspecies/races such as moharia, maxima, indica, and 
nana (de Wet et al. 1979; Prasada Rao et al. 1987; Li et al. 1995b), but criteria for the 
classification are ambiguous. Kawase (1986) and Ochiai et al. (1994) investigated 
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variation in morphological/agronomic characters such as plant height, number of til-
lers, panicle length, and number of days to heading of foxtail millet landraces from 
Europe and Asia. Nguyen and Pernes (1985) and Li et al. (1995b) also investigated 
variation of morphological/agronomic characters of foxtail millet landraces by mul-
tivariate analyses. These works indicate that morphologically primitive landraces 
characterized by several tillers with small panicles, which look like ssp.viridis but 
have non-shattering large grains, are distributed in Afghanistan, northwestern 
Pakistan, Central Asia, and Lebanon whereas most of accessions from other regions 
such as East Asia have no or a few tillers with large panicle(s). Hammer and 
Khoshbakht (2007) also reported cultivation of morphologically primitive landraces 
in Northern Iran. A few researchers insist that foxtail millet was domesticated in 
Central Asia–Pakistan–Afghanistan–northwest India because the morphologically 
primitive type was cultivated there (Sakamoto 1987; Ochiai 1996), whereas Li et al. 
(1995b) insist that the morphologically primitive type with several tillers and small 
panicles, which look like ssp. viridis, was domesticated independently. Description 
and analyses of morphological variation are important but not sufficient to address 
questions on geographical origin(s) and phylogeny of foxtail millet landraces.

7.3  Genetic Differentiation of Foxtail Millet Landraces, 
Revealed by Biochemical and Genetic Markers 
and Intraspecific Hybrid Pollen Sterility

Several studies have been carried out to clarify the genetic relationships of foxtail mil-
let from Europe and Asia (and partly from Africa) such as (1) biochemical markers 
(isozymes and prolamin), (2) intraspecific hybrid pollen sterility, and (3) DNA markers 
(nuclear RFLP, mitochondrial RFLP, RAPD, AFLP, transposon display (TD) markers, 
and single nucleotide polymorphisms (SNPs)). As summarized in Table 7.1, these stud-
ies revealed that foxtail millet landraces differentiated into local geographical groups 
and that East Asian landraces (in particular Chinese landraces) are the most diverse.

These genetic studies are described as follows:

 1. Variation in biochemical markers (isozymes and prolamin)
Kawase and Sakamoto (1984) investigated polymorphism in two loci, Est-1 and 

Est-2 of the esterase isozymes of 432 accessions of foxtail millet collected from dif-
ferent areas throughout Eurasia by gel isoelectric focusing. On locus Est-1, most of 
accessions had Est-1 a, which was widely distributed throughout Eurasia, 9 % of 
accessions had Est-1 b which was distributed in China and Korea. On locus Est-2, 
most of accessions had Est-2 a, but nine had Est-2 b, which is found in all of the 
accessions from the western part of Europe and in one of the Indian accessions. Six 
had the Est-2 c allele, which was found in Japan and China. They concluded that the 
distribution of Est-2 a and -2 b might indicate some degree of phylogenetic differ-
entiation between the Asian and the European accessions and that Chinese accessions 
showed polymorphisms in both loci.
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Jusuf and Pernes (1985) investigated the genetic diversity of a world 
collection of foxtail millet accessions and some samples of wild populations 
(ssp. viridis) by means of electrophoresis on five enzymes (ten loci) Est, Acph, 
Got, Mdh, and Pgd. They found some genetic groups of foxtail millet in China–
Korea–Japan, Okinawa (Nansei Islands of Japan)–Taiwan, India–Kenya, and 
Europe. They also investigated wild populations collected in France and China 
and concluded that it is possible that there were independent domestications in 
both Europe and China because foxtail millet and S. viridis accessions were 

Table 7.1 Genetic studies on genetic differentiation of foxtail millet landraces and geographical 
groups and centers of diversity

Genetic markers/
intraspecific hybridity/
pollen sterility Geographical groups

Center of 
diversity References

Esterase isozymes East Asia vs. Europe East Asia Kawase and Sakamoto 
(1984)

Ten isozymes China–Korea–Japan, 
Okinawa (Nansei Islands of 
Japan)–Taiwan, India–
Kenya, Europe

Jusuf and Pernes (1985)

Prolamine Europe, Tropical Groups China Nakayama et al. (1999)

Hybrid sterility China–Korea–Japan, 
Okinawa (Nansei Islands of 
Japan)–Taiwan, Lan-Hsű- 
Batan Islands India–
Afghanistan, Europe

Kawase and Sakamoto 
(1987), Kawase et al. 
(1997) and Kawase and 
Fukunaga (1999)

rDNA China–Korea–Japan, 
Okinawa (Nansei Islands of 
Japan)–Taiwan–the 
Philippines, India, 
Afghanistan–Northern 
Pakistan

China Fukunaga et al. (1997a, 
2006, 2011) and Eda 
et al.(2013)

Nuclear RFLP East Asia, Nansei Islands–
Taiwan–the Philippines, 
India, Afghanistan–Central 
Asia–Europe

China Fukunaga et al. (2002b)

mtDNA Not clear China Fukunaga and Kato 
(2003)

RAPD Central Europe and two 
Asiatic groups (north and 
south)

Schontz and Rether 
(1999)

AFLP Not clear China Le Thierry d’Ennequin 
et al. (2000)

TD East Asia, Nansei Islands–
Taiwan–the Philippines, 
India, Central Asia, Europe

China Hirano et al. (2011)

SNPs North China, Central–South 
China, South Asia, Central 
Asia, Europe, etc.

China Jia et al. (2013)
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more closely related in isozyme alleles in each of Europe and China. Nakayama 
et al. (1999) investigated allelic variation at the two prolamin loci (Pro1 and 
Pro2) and their geographical distribution in 560 local cultivars of foxtail millet 
collected mainly from Eurasia and studied using SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Two alleles (Pro1a and Pro1null) at the Pro1 locus 
and six alleles (Pro2a, Pro2b, Pro2c, Pro2d, Pro2e, and Pro2f) at the Pro2 locus 
were detected among the cultivars examined. No apparent trend in Pro1 was 
observed in geographical distribution. In contrast, two common alleles at the 
Pro2 locus, Pro2b and Pro2f, had clear differential geographical distribution. 
The Pro2b allele was most frequent in Europe and decreased in frequency east-
wards. The Pro2f allele occurred frequently in subtropical and tropical regions 
including the Nansei islands of Japan, the Philippines, Nepal, India, Pakistan, 
and Africa. All eight alleles at the Pro1 and Pro2 loci occurred in China, sug-
gesting China is a center of diversity. They also found a “tropical group” char-
acterized by the Pro2f allele and other genes.

 2. Classification by mean of intraspecific hybrid pollen sterility
Intraspecific hybrid pollen sterility can be a genetic indicator of differences. 

In rice, classification based on hybrid sterility was carried out (Kato et al. 1928), 
and Asian rice varieties were classified into two main groups, japonica, and 
indica types. Kawase and Sakamoto (1987) crossed 83 accessions of Setaria 
italica collected from various areas throughout Eurasia with three tester strains 
from Japan (tester A), Lan Hsü Island of Taiwan (B) and Belgium (C). The 
accessions could be clearly classified into six types, designated as types A, B, C, 
AC, BC, and X. They regarded pollen fertility of more than 75 % as normal. The 
accessions of types A, B, and C were those that produced F1 hybrids having 
normal pollen fertility when crossed with testers A, B, and C, respectively. When 
both F1 hybrids from the crosses with two testers, A and C, or B and C, showed 
normal pollen fertility, the accession was classified as type AC or BC. The acces-
sions whose F1 hybrids always showed pollen fertility of less than 75 % in all 
three cross combinations were designated as type X. Kawase et al. (1997) further 
investigated collections from northern Pakistan. Kawase and Fukunaga (1999) 
also used a landrace from Lan Hsü Island of Taiwan, which was classified into 
type X in Kawase and Sakamoto (1987), as tester D, and crossed it with landra-
ces and reclassified type X in Kawase and Sakamoto (1987). Geographical dis-
tribution of these different types is shown in Fig. 7.1a. Most type A accessions 
were distributed in East Asia including Japan, Korea, and China. Type B acces-
sions were narrowly found in Taiwan and in the southwestern part of the Nansei 
Islands of Japan. Most European accessions were found to be type C. Type D is 
distributed in Lan Hsü Island of Taiwan and Batan Islands of the Philippines. 
Accessions of types AC and BC were distributed in Afghanistan and India, 
respectively. Kawase and Sakamoto (1987) and Sakamoto (1987) concluded that 
Types AC and BC were less specialized genetically than A, B, or C and that the 
geographical distribution of these landrace groups suggests that S. italica was 
first domesticated in an area ranging from Afghanistan to India, and then 
dispersed both eastward and westward from there.
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 3. DNA markers

 (a) Ribosomal DNA (rDNA)
Fukunaga et al. (1997a) investigated restriction fragment length 

polymorphism (RFLP) and the structure of ribosomal RNA genes (rDNA) 
in 117 landraces of foxtail millet. Five RFLP phenotypes were found when 
the genomic DNA was digested with BamHI; these were named types 
I–V. Of these types I, II, and III were the most frequent. Type I was mainly 
distributed in the temperate zone, type II in the Taiwan–Philippines Islands, 
and type III in South Asia. Restriction mapping of the cloned rDNA and 
comparison with RFLP phenotypes showed that the different types origi-
nated from a length polymorphism within the intergenic spacer (IGS) and 
BamHI site changes within the IGS. Schontz and Rether (1998) also inves-
tigated rDNA in a world collection (43 accessions) for variation in repeat 
unit length and restriction enzyme site variability. They detected two lengths 
of repeat units of about 7.9 or 7.6 kb; the central European accessions and 

Fig. 7.1 Schematic drawings of geographical distribution of different phylogenetic groups of fox-
tail millet based on four different analyses such as intraspecific hybrid pollen semi-sterility, rDNA 
PCR-RFLP, nuclear RFLP markers, and transposon diplay (TD markers). (a) Geographical distri-
bution of intraspecific hybrid pollen semi-sterility types (Kawase and Sakamoto 1987; Kawase and 
Fukunaga 1999). (b) Geographical distribution of specific rDNA PCR-RFLP types (Eda et al. 
2013). (c) Geographical distribution of clusters of a dendrogram showing genetic similarity 
between 62 accessions of foxtail millet based on 16 nuclear RFLP markers (Fukunaga et al. 
2002b). (d) Geographical distribution of clusters of a dendrogram based on transposon display 
(TD) markers (Hirano et al. 2011)
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most western European accessions have only the 7.6 kb repeat unit and 
most Asiatic lines have a 7.9 kb repeat unit, while lines originating from the 
north or the south of Asia showed different numbers of Bam HI fragments. 
These types correspond to types I–III in Fukunaga et al. (1997a). They con-
cluded that the fact that difference between the Asiatic and European pool is 
not continuous (7.9 or 7.6 kb) excludes the hypothesis of domestication 
being based on the spread of an initial population over Eurasia. Fukunaga 
et al. (1997a) suggested that foxtail millet landraces differentiated into 
mainly two geographical groups, 7.6 kb repeat unit (=type I) from the tem-
perate region and 7.9 kb repeat unit (=types II and III) from the subtropi-
cal–tropical region, whereas Schontz and Rether (1998) insisted that foxtail 
millet landraces differentiated into 7.9 kb repeat unit from Asia and 7.6 kb 
repeat unit from Europe. The difference in conclusions between these two 
studies are likely due to difference in number of Asian accessions used. 
Fukunaga et al. (2005) also determined the sequence of ribosomal DNA 
(rDNA) intergenic spacer (IGS) of foxtail millet isolated in the previous 
study and identified subrepeats in the polymorphic region. Fukunaga et al. 
(2006) sequenced ribosomal DNA intergenic spacer subrepeats and their 
flanking regions of foxtail millet landraces from various regions in Europe 
and Asia, as well as its wild ancestor green foxtail, to elucidate phylogenetic 
differentiation within each of types I–III found in the previous work and to 
elucidate relationships among these three types. Type I was classified into 
seven subtypes designated as Ia–Ig based on subrepeat sequences; C repeats 
downstream of those subrepeats were also polymorphic. Of these, subtypes 
Ia–Id and Ig were found in foxtail millet landraces. Subtypes Ia and Ib were 
distributed broadly throughout Asia and Europe. Subtype Ic was distributed 
in China, Korea, and Japan. Subtype Id has a 20-bp deletion in subrepeat 3 
and has a unique C repeat sequence. This subtype was found in a morpho-
logically primitive landrace group from Afghanistan and northwestern 
Pakistan and differed greatly from other type I subtypes, implying that these 
landraces were domesticated independently. Subtypes Ig was found in a 
landrace from Pakistan and Ia and Ie–Ig were in six wild ancestor acces-
sions. Type II was also highly polymorphic and four subtypes were found 
and designated as subtypes IIa–IId, but sequence analyses indicated type III 
as monomorphic. This work indicates that type III should be classified as a 
subtype of type II (subtype IIe). Sequence polymorphism of subrepeats of 
types I–III indicated that subrepeats of subtype IIa are greatly divergent 
from others. Relationships among types I–III were much more complicated 
than anticipated based on previous RFLP work.

Ribosomal DNA spacer length polymorphisms were also studied in fox-
tail millet landraces from Pakistan and Afghanistan and in its wild ancestor 
(S. viridis) from Pakistan by PCR-based methods (Fukunaga et al. 2011). 
Sequence polymorphisms were investigated for accessions selected based 
on the observed length polymorphism. The PCR-based length and sequence 
polymorphisms of rDNA IGS clearly demonstrated genetic differentiation 
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between cultivated and wild forms in the region. Genetic differentiation was 
observed between different areas to some extent in the cultivated form and 
between different regions in the wild form from northern Pakistan. Recently, 
the rDNA PCR–RFLP of foxtail millet germplasm (480 accessions) col-
lected throughout Eurasia and from a part of Africa was investigated with 
five restriction enzymes (Eda et al. 2013). Foxtail millet germplasm was 
classified by length of the rDNA IGS and RFLP, and clear geographical dif-
ferentiation was observed between East Asia, the Nansei Islands of Japan–
Taiwan–the Philippines area, South Asia, and Afghanistan–Pakistan 
(Fig. 7.1b). Evidence of migration of foxtail millet landraces between the 
areas was also found. Diversity indices (D) for each region were calculated, 
and it was concluded that the center of diversity of this millet is East Asia, 
including China, Korea, and Japan.

 (b) Random Amplified Polymorphic DNA (RAPD) markers
Li et al. (1998) investigated random amplified polymorphic DNA (RAPD) 

in foxtail millet and wild relatives and confirmed that foxtail millet had been 
domesticated from S. viridis. Schontz and Rether (1999) investigated RAPDs 
in 37 accessions of cultivated Setaria italica, representative of Eurasian acces-
sions. By using four 10-mer primers, they obtained 25 polymorphic bands and 
identified 33 different genotypes. A factorial analysis of correspondence was 
performed on the presence–absence data and three genetic groups were identi-
fied. These genetic groups were closely related to the geographical origin of 
the different accessions: one central European and two Asiatic groups (the 
first Asiatic accessions originating in latitudes below 35°N and the second 
comprising the Asiatic accessions originating in latitudes above 35° N).

 (c) Nuclear genomic RFLP
Fukunaga et al. (2002b) investigated 16 RFLP loci in 62 landraces to 

study genetic differentiation in foxtail millet. Among 52 bands, 47 were 
polymorphic among foxtail millet landraces. A dendrogram based on RFLPs 
was divided into five major clusters (cluster I–V: Fig. 7.1c). Clusters I and II 
contained mainly accessions from East Asia. Cluster III consisted of acces-
sions from subtropical and tropical regions in Asia, such as Nansei Islands of 
Japan, Taiwan, the Philippines, and India, and cluster IV consisted of some 
accessions from East Asia, an accession from Nepal and an accession from 
Myanmar. Cluster V contained accessions from central and western regions 
of Eurasia such as Afghanistan, Central Asia, and Europe. Chinese landraces 
were classified into four clusters. These results indicate that foxtail millet 
landraces have differentiated genetically between different regions and that 
Chinese landraces are highly variable.

 (d) Mitochondrial DNA (mtDNA)
Mitochondrial DNA (mtDNA) was characterized by RFLPs in 94 acces-

sions (Fukunaga and Kato 2003). Three RFLP patterns were observed by 
using rice atp6 as a probe and were designated as types I–III. Difference 
between types I and II seem to be due to recombination between two atp6 
genes. In East and Southeast Asia and Afghanistan, both types I and II were 
found, while type I was predominant in India, Central Asia and Europe. In 
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China, type III was also found. Chinese accessions showed higher gene 
diversity than those from other regions. This result supported the previous 
studies on isozymes and nuclear RFLPs.

 (e) AFLP
Le Thierry d’Ennequin et al. (2000) investigated AFLP markers to assess 

genetic diversity and patterns of geographic variation among 39 accessions 
of foxtail millet and 22 accessions of its wild progenitor. A high level of 
polymorphism was observed. Dendrograms based on Nei and Li distances 
from a neighbor joining procedure were constructed using 160 polymorphic 
bands. In contrast to other molecular marker studies, no specific geographic 
structure could be extracted from the data. The high level of diversity 
among Chinese accessions was consistent with the hypothesis of a center of 
domestication in China.

 (f) Transposon Display (TD) markers
Hirano et al. (2011) investigated genetic structure by transposon display 

(TD) using 425 accessions of foxtail millet and 12 of the wild ancestor green 
foxtail. They used three recently active transposons (TSI-1, TSI-7, and TSI- 
10) as genome-wide markers and succeeded in demonstrating geographical 
structure for foxtail millet. A neighbor-joining dendrogram based on TD 
grouped the foxtail millet accessions into eight major clusters, each of which 
consisted of accessions collected from adjacent geographical areas 
(Fig. 7.1d). Eleven out of 12 green foxtail accessions were grouped sepa-
rately from the clusters of foxtail millet. These results indicated strong 
regional differentiations and a long history of cultivation in each region. 
They also suggest a monophyletic origin of foxtail millet domestication.

 (g) Single nucleotide polymorphisms (SNPs)
Recently, a large-scale analysis of whole genome single nucleotide poly-

morphism (SNP) in 916 accessions (mainly from China but also including 
accessions from other regions such as Japan and Korea, Southeast Asia, 
South Asia, Central Asia, Europe, Africa, and the USA) was carried out by 
Jia et al. (2013). They found that the 916 varieties can be clearly classified 
into two divergent groups, spring- sown form (type 1) with 292 varieties and 
summer sown form (type 2) with 624 varieties, and there was a clear geo-
graphical distribution of these two groups in the Chinese accessions—the 
majority of type 1 accessions were from northern China and high altitude 
areas of northwest China, whereas most of the type 2 accessions originated 
from central and southern China, which have warmer  climates (see Chap. 2). 
As for accessions from other countries, they found that varieties from the 
same geographical regions tended to belong to the same clades in phyloge-
netic trees. They concluded that foxtail millet may have a single origin of 
domestication but that a deep investigation of the wild ancestor is needed. 
Their results that foxtail millet accessions can be divided into northern and 
southern groups may correspond with distribution of rDNA types I and II 
and results of other genetic studies although most of the materials that Jia 
et al. (2013) used were from China. Further analysis using more accessions 
from other countries will be also required.
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7.4  Evolution of Two Genes (Waxy and PPO) Under Human/
Natural Selection

In cereals, several genes involved in domestication and diversification have been 
studied in rice (e.g., Konishi et al. 2006; Ishii et al. 2013) and maize (e.g., Doebley 
et al. 1997; Wang et al. 2005) and six row and naked grains in barley (Komatsuda 
et al. 2007; Taketa et al. 2008). In foxtail millet, the waxy gene controlling amylose 
content in endosperm and the polyphenol oxidase (PPO) gene for phenol color reac-
tion (Phr) in grains have been investigated, as it is known that these genes have 
evolved under human/natural selection in other cereals.

7.4.1  Evolution of Waxy

Endosperm starch of cereals consists of amylose and amylopectin. Wild type (non- 
waxy) of endosperm starch consists of ca. 20 % or more of amylose and ca. 80 % of 
amylopectin, whereas the waxy type consists of ca. 100 % amylopectin and lacks 
amylose. The non-waxy type (Wx) is genetically dominant to the waxy type (wx). 
Endosperm starch with the recessive genotype, waxy type, has a stickier texture 
than the normally dominant non-waxy type. Both of these endosperm types are 
found among landraces of sorghum, rice, foxtail millet, maize, common millet, bar-
ley, and Job’s tears (Sakamoto 1996). The waxy types of these cereals are found in 
East and Southeast Asia, but are rare in India and further westward. A core area 
where people show a strong ethnobotanical preference for waxy cereals, which 
extends from Southern China through Northern Thailand to Assam, has been identi-
fied (Sakamoto 1996; Yoshida 2002). In adjacent areas like Taiwan, Japan, and 
Korea, waxy cereals are grown mainly on upland soils, and are used in traditional 
rituals, or eaten only on special occasions. This trait is apparently associated with 
ethnological preferences in the areas (e.g., Fogg 1983; Takei 1994).

Waxy endosperm arises through the disrupted expression or loss of function of 
the waxy (GBSS1) gene that encodes granule-bound starch synthase I (GBSS I) 
(Sano 1984). Waxy-type cereals are characterized by little or no starch amylose, 
which constitutes about 20 % or more of the total starch in the non-waxy endo-
sperm. This character has often been neglected in other regions, although waxy 
maize, which was first reported (Collins 1909) in Chinese landraces, is now glob-
ally used for the production of waxy corn starch. The molecular basis of artificial 
and spontaneous waxy mutants has also been clarified (Wessler and Varagona 
1985). Several mutants arose by insertion of transposable elements into this gene. 
The molecular genetics of GBSS I has also been studied in rice (Hirano and Sano 
1991; Hirano et al. 1998; Isshiki et al. 1998; Olsen and Purugganan 2002), barley 
(Domon et al. 2002a, b), and sorghum (McIntyre et al. 2008; Sattler et al. 2009). 
In rice, two dominant waxy alleles, Wxa and Wxb were observed mainly in indica 
and japonica rice groups, respectively. It was reported that Wxb arose by a point 
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mutation of the 5′ end of intron 1, resulting in aberrant splicing of the intron 
(Hirano et al. 1998; Isshiki et al. 1998; Olsen and Purugganan 2002). It was also 
reported that waxy rice originated by a 23-bp duplication of exon 2 (Wanchana 
et al. 2003). In barley, deletion in the 5′ region of the gene was found in wx geno-
type (Domon et al. 2002a, b; Patron et al. 2002). In sorghum, two different muta-
tions were found for wx alleles; one resulting from a transposable element being 
inserted into the gene and the other from a point mutation resulting in amino acid 
substitution (McIntyre et al. 2008; Sattler et al. 2009). In hexaploid wheat, waxy 
wheat was artificially synthesized (Nakamura 1995), and it was concluded that 
deletion of the gene was responsible for the phenotype (Vrinten and Nakamura 
1999).

Waxy phenotypes have also been observed in millets. In foxtail millet, the 
molecular basis of naturally occurring wx mutants has been well characterized 
(Nakayama et al. 1998; Fukunaga et al. 2002a; Kawase et al. 2005; Van et al. 
2008). Waxy foxtail millet probably evolved from the non-waxy type after domes-
tication, since the wild ancestor has a non-waxy endosperm (Nakayama et al. 
1998). In addition to those two types, an intermediate or low-amylose type of this 
crop has been reported (Sakamoto 1987). Amylose content is positively correlated 
with amounts of GBSS 1 protein among the three phenotypes (Afzal et al. 1996) 
and is genetically controlled by waxy (GBSS 1) alleles (Nakayama et al. 1998). 
No other genes that regulate amylose content, such as du in rice (Okuno et al. 
1983), are known in S. italica. The sequence of the full-length cDNA and the 
genomic structure of the waxy (GBSS 1) gene in foxtail millet was determined, 
and a preliminary diversity analysis indicated multiple origins of the waxy endo-
sperm types (Fukunaga et al. 2002a). Kawase et al. (2005) analyzed 841 landraces 
of foxtail millet and classified 11 types by PCR-based methods. They concluded 
that waxy foxtail millet originated four times independently and low-amylose 
foxtail millet three times by insertions of transposable elements (Fig. 7.2). Van 
et al. (2008) found that the foxtail millet waxy gene has several SNPs and small 
indels. Recently, Hachiken et al. (2013) also investigated sequence variation of 

Fig. 7.2 Summary of the 
geographical distribution 
of waxy and low amylose 
types of foxtail millet in 
Asia, Europe, and Africa 
(Kawase et al. 2005)
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the waxy gene and revealed that waxy alleles of non-waxy accessions are more 
polymorphic than those of waxy and low- amylose accessions at the sequence 
level. This supports the hypothesis that waxy and low-amylose types originated 
from a non-waxy type.

7.4.2  Variation in Phenol Color Reaction (Phr) and Evolution 
of the Polyphenol Oxidase (PPO) Gene

Phenol color reaction (Phr) is a coloration of hulls/lemma and palea (grains) of 
cereals after soaking in phenol solution, as reported for rice (Oka 1953) and barley 
(Takeda and Chang 1996). The positive Phr type shows a black coloration after 
soaking in phenol solution, whereas the negative Phr type does not show coloration. 
Variation of Phr and geographical distribution of Phr phenotypes for foxtail millet 
have been reported (Kawase and Sakamoto 1982). It was shown in that study that 
Phr in foxtail millet is controlled by a single gene (positive Phr being dominant and 
negative Phr being recessive) and that the negative Phr type is predominant in 
Eurasia, whereas the positive Phr type generally has a skewed distribution toward 
subtropical and tropical regions including Nansei Islands of Japan, Taiwan, the 
Philippines, Nepal, and India (21–100 %).

The molecular mechanism of this trait has been investigated recently (Inoue 
et al. 2015). The polyphenol oxidase (PPO) gene responsible for Phr was isolated 
and molecular genetic basis of negative Phr and crop evolution of foxtail millet 
was investigated. Firstly, they searched for PPO gene homologs in a foxtail mil-
let genome database (Bennetzen et al. 2012) using a rice PPO gene as a query, 
and successfully found three copies of the PPO gene. One of the PPO gene 
homologs on chromosome 7 showed the highest similarity with PPO genes 
expressed in hulls (grains) of other cereal species including rice, wheat, and bar-
ley and was designated as Si7PPO. Phr phenotypes and Si7PPO genotypes com-
pletely co-segregated in a segregating population. They also analyzed the genetic 
variation conferring negative Phr reaction. Of 480 accessions of the landraces 
investigated, 87 (18.1 %) showed positive Phr and 393 (81.9 %) showed negative 
Phr. In the 393 Phr negative accessions, three types of loss-of-function Si7PPO 
genes were predominant, with mutations found in various locations. One of them 
has an SNP in exon 1 resulting in a premature stop codon and was designated as 
stop codon type, another has an insertion of a transposon (Si7PPO-TE1) in intron 
2 and was designated as  TE1- insertion type, and the other has a 6-bp duplication 
in exon 3 resulting in the duplication of two amino acids and was designated as 
6-bp duplication type. As a rare variant of the stop codon type, one accession 
additionally has an insertion of a transposon, Si7PPO-TE2, in intron 2 and was 
designated as “stop codon + TE2 insertion type.” The geographical distribution of 
accessions with positive Phr and those with three major types of negative Phr was 
also investigated (Fig. 7.3). Accessions with positive Phr were found in subtropical 
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and tropical regions at frequencies of ca. 25–67 % and those with negative Phr 
were broadly found in Europe and Asia. The stop codon type was found in 285 
accessions and was broadly distributed in Europe and Asia, whereas the TE1-
insertion type was found in 99 accessions from Europe and Asia but was not 
found in India. The 6-bp duplication type was found in only eight accessions 
from Nansei Islands (Okinawa Prefecture) of Japan. They also analyzed Phr in 
the wild ancestor and concluded that the negative Phr type was likely to have 
originated after domestication of foxtail millet. Their study also suggested that 
the negative Phr of foxtail millet arose by multiple independent loss of function 
of PPO gene, that proved advantageous under some environmental conditions 
and under human selection, as also seen in rice (Yu et al. 2008) and barley (Taketa 
et al. 2010).

7.5  Perspective

Recent studies in phylogeny and association mapping using Next-Generation 
Sequencing (NGS) technology (Jia et al. 2013) have updated relationships in foxtail 
millet and revealed several candidate genes involved in domestication and diversifi-
cation of landraces in foxtail millet. Genetic mapping of a gene involved in panicle 
morphology (Sato et al. 2013) and QTLs for inflorescence structure, branching and 
height (Doust et al. 2004; Doust et al. 2005; Mauro-Herrera and Doust 2016), and 
flowering time (Mauro-Herrera et al. 2013) also have been carried out. Some of 
these studies on association mapping and QTLs are described in chapter 12. Further 
analyses of candidate genes in the context of domestication and crop evolution of 
foxtail millet by using foxtail millet landraces from broad area of Europe and Asia 
will be interesting. Currently, we are focused on genes involved in panicle morphol-
ogy, which will be helpful to understand crop evolution and diversification of foxtail 
millet.

Fig. 7.3 Geographical 
distribution of positive Phr 
(wild type) and four 
different genotypes of Phr, 
stop codon type, TE1 
insertion type, 6-bp 
duplication type, and stop 
codon and TE2 insertion 
type (Inoue et al. 2015)
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Chapter 8
Genome Structure and Comparative 
Genomics

Katrien M. Devos, Xiaomei Wu, and Peng Qi

Abstract Two genome assemblies have been generated for Setaria italica, one in 
the accession Yugu1 and one in the accession Zhang gu. A comparison of the two 
assemblies showed overall high levels of colinearity, but identified a number of likely 
misoriented and/or misplaced sequence scaffolds. Using available comparative 
information between Setaria, rice, sorghum, Brachypodium, and switchgrass, we 
reconstructed the structure of the 12-chromosome ancestral grass genome from 
which the grasses radiated some 70 million years ago. Comparing the structure of the 
ancestral grass genome with that of current-day Setaria and sorghum showed that the 
Setaria genome has undergone more rearrangements than sorghum. The reasons for 
the greater stability of the sorghum compared to the Setaria genome are unknown.

Keywords Setaria italica • Foxtail millet • Ancestral grass genome • Sorghum  
• Comparative genomics • Genome organization

8.1  Introduction

Foxtail millet, Setaria italica, is the second most important small millet after pearl 
millet. It is grown for the production of grain as well as forage. As such, it has 
received considerable research attention, particularly in China, where foxtail millet 
is predominantly cultivated. In recent years, foxtail millet together with its wild pro-
genitor, S. viridis (green foxtail), have also gained attention as model systems for 
more genetically complex relatives such as the biofuel crop switchgrass (Panicum 
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virgatum). S. italica and S. viridis are inbreeding diploid species (2n = 2x = 18) with 
a relatively small genome (1C = ~515 Mb), and both species have been sequenced. 
Genome assemblies anchored to genetic maps are available for two S. italica culti-
vars, Yugu1 (Bennetzen et al. 2012) and Zhang gu (Zhang et al. 2012) and rese-
quencing data is available for several hundred S. italica (Jia et al. 2013) and S. viridis 
accessions (genome.jgi.doe.gov/DevoffC4grasses).

A species’ value as a model is enhanced significantly if the structural relationship 
between the genomes of the model and target crops is known. Structural compara-
tive genomics in plants has its roots in the colinearity studies of the late 1980s and 
90s that were based on common markers on genetics maps (Gale and Devos 1998; 
Bennetzen and Freeling 1997; Choi et al. 2004). The first map-based comparative 
analysis involving foxtail millet was published in 1998 and established the relation-
ship between the Setaria and rice genomes (Devos et al. 1998). Despite the fact that 
rice and foxtail millet had different chromosome numbers (12 and 9, respectively), 
the genomes of both species showed a high level of colinearity. The sequencing of 
the Setaria genome paved the way for much more detailed comparative analyses 
(Bennetzen et al. 2012; Zhang et al. 2012). Here, in addition to describing the struc-
tural relationship between the genomes of foxtail millet, rice, and sorghum, we used 
comparative data between these three species, switchgrass (Daverdin et al. 2015) 
and Brachypodium to reconstruct the ancestral grass genome, and trace the 
evolutionary history from ancestral to extant foxtail millet chromosomes.

8.2  The Yugu1 and Zhang gu Foxtail Millet Genome 
Assemblies

The Yugu1 genome assembly was obtained from an 8.3X shotgun sequence generated 
using Sanger sequencing technology (Bennetzen et al. 2012). The main genome 
assembly comprised 405.7 Mb organized in 336 scaffolds with 98.9 % of the 
sequence incorporated into nine scaffolds (nine pseudomolecules). Overall, the con-
tig and scaffold N50 (L50) were 982 (126.3 kb) and 4 (47.3 Mb), respectively. 
Scaffolds were anchored to a genetic map comprising 992 single nucleotide poly-
morphism (SNP) markers. Because linkage groups had previously been mapped to 
the foxtail millet karyotype (Wang et al. 1998), this information was used to assign 
the nine pseudomolecules to specific foxtail millet chromosomes labeled in roman 
numericals, I to IX.

The Zhang gu genome was shotgun sequenced to a depth of 80X on Illumina 
Genome Analyzer II and HiSeq 2000 platforms. The assembly totaled 423 Mb and 
had a contig and scaffold N50 (L50) of 4667 (25 kb) and 136 (1 Mb), respectively. 
The 613 longest scaffolds, representing approximately 95 % of the sequence, were 
anchored to a 751 loci genetic map.

In order to compare the structure of the two Setaria genomes, the Yugu1 
assembly v2.0 was downloaded from Phytozome (phytozome.jgi.doe.gov) and 
the Zhang gu chromosome assembly foxtail_millet.chr.fa.gz was downloaded 
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from http://foxtailmillet.genomics.org.cn. A dot plot comparison of the Yugu1 
and Zhang gu assemblies showed overall high levels of colinearity. Nevertheless, 
the two assemblies varied by a number of rearrangements, in particular in centro-
meric and pericentromeric regions where recombination is low and genetic map-
ping data was of limited help in ordering and orienting scaffolds. Discrepancies 
between the Yugu1 and Zhang gu assemblies were limited to four or less regions 
in chromosomes I to V, but were more extensive in chromosomes VI to IX 
(Fig. 8.1). Regions larger than 300 kb that were rearranged between the Yugu1 
and Zhang gu assemblies and their approximate coordinates in both sequence 
assemblies are listed in Table 8.1.

We looked in more detail at 22 inversions larger than 400 kb that differentiated 
the Yugu1 and Zhang gu sequences. Inversion 9_1 (Table 8.1; Fig. 8.1) had previ-
ously been identified as a Yugu1-specific inversion (Bennetzen et al. 2012) and 
was not further analyzed here. To pinpoint putative assembly errors, we identified 
the Yugu1 and Zhang gu scaffolds that were located in each of the inversions. 
Zhang gu scaffolds were retrieved from the “Millet_scaffoldVersion2.3.fa.gz” file 
downloaded from http://foxtailmillet.genomics.org.cn. Because the size of scaffolds 
retrieved from the foxtail millet database (http://foxtailmillet.genomics.org.cn) 
through Mapview differed from the size of scaffolds with the same ID in the 
downloaded “Millet_scaffoldVersion2.3.fa.gz” file for 29 % of the scaffolds 
checked, we used an in-house script to count the number of bases in relevant scaf-
folds in the Millet_scaffoldVersion2.3.fa.gz file. If the size of an inversion corre-
sponded, within a range of 20 kb, to the total size of all scaffolds that were located 
within the inverted region, we assumed that the inversion was caused by misorien-
tation of those scaffolds. Based on this assumption, eight of the 21 inversions 
analyzed were likely caused by assembly errors in the Zhang gu sequence and one 
was caused by an incorrectly placed and oriented scaffold in the Yugu1 sequence 
(Table 8.1). Misplacement of this Yugu1 scaffold (block 5_3 in Table 8.1 and 
Fig. 8.1) was confirmed by a mapped SNP marker (K. M. Devos, unpublished 
data). The 20 kb range for identifying inversions that corresponded to complete 
scaffolds was a very strict criterion considering that the breakpoints listed in 
Table 8.1 denoted the minimum size of the inversions. Indeed, scrutiny of 12 
inversions where scaffolds extended for more than 20 kb beyond the breakpoints 
showed that, in ten cases, the end points of the Zhang gu scaffolds were located 
within the breakpoint range (data not shown). One of the 12 inversions (block 
8_5 in Table 8.1 and Fig. 8.1) was likely due to an incorrectly oriented scaffold in 
Yugu1. This scaffold extended for ~280 kb beyond the inversion. This ~280 kb 
region was colinear between Zhang gu and Yugu1, but comprised a single scaffold 
in Zhang gu. We surmised that 8_5 was misoriented in Yugu1 and that the neigh-
boring ~280 kb region was misoriented in Zhang gu. The cause of inversion 3_1 
could not be traced. Our results showed that rearranged segments typically corre-
sponded to complete scaffolds indicating that the problem laid with the ordering 
and orienting of scaffolds and not with assemblies within scaffolds. Overall, out of 
the 21 putative misassemblies analyzed, 19 (90 %) likely occurred in the Zhang gu 
sequence and two (10 %) in Yugu1.
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1_1
ZG: 18,664,704 - 17,764,718
YG1: 14,619,403 - 15,570,728 1_2

ZG: 24,121,854 - 23,500,478
YG1: 20,076,028 - 20,657,127

2_1
ZG: 24,219,031 - 22,260,476
YG1: 18,424,308 - 20,108,754

2_2
ZG: 25,252,084 - 24,332,753
YG1: 20,135,150 - 21,018,986

3_1
ZG: 38,413,668 - 37,949,902
YG1: 33,662,550 - 34,108,163

5_2
ZG: 19,754,344 - 19,350,423
YG1: 19,508,424 - 19,870,061

5_1
ZG: 21,706,774 - 20,720,978
YG1: 16,969,281 - 17,884,262

5_3
ZG: 31,465,424 - 30,909,451
YG1: 31,656,053 - 32,157,771

6_1
ZG: 15,538,223 - 14,657,562
YG1: 11,236,751 - 12,074,262

6_2
ZG: 17,113,655 - 16,408,055
YG1: 12,122,633 - 12,779,459

6_3
ZG: 21,940,530 - 24,570,803
YG1: 12,783,463 - 16,206,441

6_4
ZG: 17,216,236 - 17,611,756
YG1: 16,440,686 - 16,836,441

6_5
ZG: 18,085,330 - 19,488,851
YG1: 17,037,863 - 18,515,040

6_6
ZG: 17,711,757 - 18,090,584
YG1: 19,249,440 - 19,616,177

6_7
ZG: 21,839,832 - 20,096,003
YG1: 19,751,358 - 21,452,963

6_8
ZG: 28,087,739 - 27,136,265
YG1: 21,453,655 - 22,671,219

7_2
ZG: 12,439,214 - 7,518,677
YG1: 7,736,556 - 12,678,477

7_1
ZG: 15,631,993 - 14,682,241
YG1: 6,756,654 - 7,685,151

7_4
ZG: 15,912,317 - 16,391,672
YG1: 13,363,078 - 13,878,696

7_7
ZG: 39,816,503 - 39,340,568
YG1: 35,228,836 - 35,651,736

7_3
ZG: 13,591,162 - 12,883,453
YG1: 12,799,578 - 13,359,438

7_6
ZG: 14,213,010 - 14,575,016
YG1: 15,359,642 - 15,711,061

7_5
ZG: 16,848,458 - 17,757,779
YG1: 14,276,409 - 15,183,635

8_1
ZG: 1,288,360 - 186,905
YG1: 322,871 - 1,112,139

8_2
ZG: 17,737,616 - 22,056,038
YG1: 14,262,129 - 16,873,099

8_3
ZG: 23,674,696 - 22,695,252
YG1: 16,872,661 - 17,762,094

8_4
ZG: 24,923,869 - 24,211,578
YG1: 18,311,267 - 18,899,548

8_6
ZG: 25,775,629 - 27,230,763
YG1: 21,782,098 - 23,084,029

8_7
ZG: 48,224,715 - 47,758,832
YG1: 34,405,635 - 34,891,452

8_5
ZG: 29,535,764 - 28,307,761
YG1: 20,730,400 - 21,687,012

9_4
ZG: 25,575,162 - 24,581,056
YG1: 26,626,901 - 27,431,693

9_3
ZG: 30,126,606 - 32,120,714
YG1: 22,902,499 - 25,330,802

9_1
ZG: 29,662,354 - 26,073,031
YG1: 19,584,317 - 22,471,207

9_2
ZG: 32,941,435 - 33,422,150
YG1: 22,476,303 - 22,897,924
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8.3  Genome Organization

The Setaria genome has the organizational structure typically seen in small plant 
genomes with the majority of the repeats, in particular the gypsy retrotransposons, 
being located in the low recombinant centromeric and pericentromeric regions. 
Approximately 40–46 % of the DNA has been classified as repetitive (Bennetzen 
et al. 2012; Zhang et al. 2012, chapter 9), a number that is in line with that found in 
other plant species with comparable genome sizes. Genes are enriched in the distal 
regions of the chromosome arms. Estimations for the number of protein-coding 
genes in the Setaria genome vary from 34,584 in the Yugu1 sequence (Bennetzen 
et al. 2012) to 38,801 in the Zhang gu sequence (Zhang et al. 2012). Manual valida-
tion of a subset of these genes, however, indicated that the true gene number may be 
closer to 29,000 (Bennetzen et al. 2012).

8.4  Relationships Between the Genomes of Foxtail Millet, 
Sorghum, Rice, and Brachypodium

The first comparative structural analysis between the genomes of foxtail millet 
(n = 9) and rice (n = 12) was conducted in 1998 using a set of common markers that 
had been genetically mapped in both species (Devos et al. 1998). Although the 
number of comparative data points was limited to 87, this study nevertheless dem-
onstrated that foxtail millet chromosomes I, IV, V, VI, and VIII corresponded to rice 
chromosomes 2, 6, 1, 8, and 11, respectively, while foxtail millet chromosomes II, 
III, VII, and IX each corresponded to two complete or partial rice chromosomes 
(foxtail II: rice 7 and 9; foxtail III: rice 5 and most of rice 12; foxtail VII: rice 4 and 
the distal region of the short arm of rice 12; and foxtail IX: rice 3 and 10). One-to- 
two relationships were generally formed by the insertion of one rice chromosome 
into the pericentromeric region of another chromosome. The exception was foxtail 
millet chromosome VII, where the rice segment which corresponded to the region 
of rice chromosome 12 that was duplicated on rice chromosome 11 (Nagamura 
et al. 1995) was fused to the telomere of the long arm of rice chromosome 4.

Following the completion of the genome sequences of foxtail millet, more detailed 
comparative analyses were carried out. While the genomic comparisons more 
precisely defined the previously identified synteny breakpoints, very few additional 
rearrangements were found (Bennetzen et al. 2012). Newly identified syntenic blocks 
included the distal ~2 Mb at the top of Setaria chromosome III which was syntenic to 
the distal region of the long arm of rice chromosome 4, and an ~1.5 Mb region, located 
between the regions with synteny to rice chromosomes 4 and 12 at the bottom of 
Setaria chromosome VII, which was syntenic to an interstitial region on rice chromosome 
5 (Fig. 8.2 and Table 8.2). Setaria chromosomes III and VII thus each had synteny to 
segments of the same three rice chromosomes. In addition, at least 34 inversions larger 
than 500 kb differentiated the Setaria and rice genomes (Table 8.2).
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Extending the comparisons to sorghum (n = 10) and Brachypodium (n = 5) 
allowed us to establish the structure of the grass ancestral chromosomes and, conse-
quently, determine how chromosomes evolved to form extant Setaria, sorghum, rice, 
and Brachypodium chromosomes. While it was not always possible to unambiguously 
determine on which phylogenetic branch a rearrangement took place, we assumed 
that (1) rearrangements that were differentially present between Setaria/sorghum 
and rice/Brachypodium most likely originated in the lineage leading to sorghum and 
Setaria, as the two Panicoideae species diverged 26 MYA compared to 52 MYA for 
the two Pooideae species (Bennetzen et al. 2012); (2) of the four species analyzed, 
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Table 8.2 Syntenic blocks in the ancestral grass genome and corresponding blocks and their 
breakpoints (in parenthesis; in Mb) in the rice, Setaria, and sorghum chromosomes

Grass 
ancestor Rice (Os) Setaria (Set) Sorghum (Sb)

1.01 1.01 (0–6.51) 5.02 (5.62–13.72) 3.01inv (10.01–1.47)

1.02 1.01 (6.52–8.15) 5.01inv (1.16–0.10) 3.01inv (1.46–0.03)

1.03 1.01 (8.16–12.10) 5.03inv (5.54–2.18) 3.02 (10.09–15.84)

1.04 1.01 (12.25–21.97) 5.04 (13.76–24.96) 3.02 (15.85–49.15)

1.05 1.01 (22.00–22.75) 5.05inv (25.55–24.99) 3.03inv (50.80–49.27)

1.06 1.01 (22.75–23.72) 5.06 (25.56–26.80) 3.04 (50.83–52.05)

1.07 1.01 (23.97–24.56) 5.08inv (32.25–31.66)a 3.04 (52.09–53.19)

1.08 1.01 (24.58–28.78) 5.07 (26.85–31.61) 3.04 (53.19–58.55)

1.09 1.01 (28.79–44.94) 5.09 (32.28–47.22) 3.04 (58.57–74.44)

0 rearrangements 2 Set/Sb inversion; 2 Set 
inversions

2 Set/Sb inversion

2.01 2.01 (0–0.56) 1.01 (0–0.49) 4.01 (0–0.69)

2.02 2.01 (0.56–9.67) 1.02inv (10.39–0.52) 4.01 (0.71–13.90)

2.03 2.01 (9.91–26.54) 1.03 (10.43–32.52) 4.01 (13.89–57.12)

2.04 2.01 (26.55–32.82) 1.03 (32.53–38.63) 4.02inv (63.72–57.15)

2.05 2.01 (32.83–36.78) 1.03 (38.77–42.06) 4.03 (63.73–68.00)

0 rearrangements 1 Set inversion 1 Sb inversion

3.01 3.01 (37.29–36.02) 9.01 (0.10–1.16) 1.01 (0.01–1.84)

3.02 3.01 (36.01–35.69) 9.02inv (1.40–1.18) 1.01 (1.84–2.14)

3.03 3.01 (35.70–20.05) 9.03 (1.46–13.31) 1.01 (2.14–17.11)

3.04 3.01 (19.84–9.22) 9.07 (41.57–50.13) 1.03 (54.45–63.18)

3.05 3.02 (9.21–8.48) 9.08inv (50.74–50.15) 1.04 (63.20–63.82)

3.06 3.03 (8.48–7.16) 9.09 (50.76–51.87) 1.05 (63.82–65.04)

3.07 3.04inv (6.67–7.14) 9.09 (51.87–52.37) 1.05 (65.05–65.54)

3.08 3.05 (6.64–0.02) 9.09 (52.37–58.83) 1.05 (65.55–73.83)

10.01 10.01inv (20.60–15.82) 9.04 (13.32–19.51) 1.02 (17.14–25.23)

10.01 10.01inv (15.26–13.47) 9.05inv (22.44–20.09)b 1.02 (25.25–31.98)

10.01 10.01inv (3.80–0.09) 9.06 (31.62–35.12) 1.02 (41.82–47.88)

10.02 10.02inv (23.70–20.64) 9.06 (35.14–41.08) 1.02 (47.88–53.88)

1 Os inversion (Jia et al. 
2013); 2 Os inversions 
(Nagamura et al. 1995)

1 Set/Sb 
pericentromeric fusion; 
2 Set inversions

1 Set/Sb pericentromeric 
fusion

4.01 4.01 (0.06–4.77) 7.01 (0.39–5.45) 6.01 (0.03–3.68)

4.02 4.01 (5.25–7.49) 7.03 (9.39–12.41) 6.02inv (6.12–3.80)

4.03 4.01 (8.30–11.77) 7.02inv (9.19–6.89) 6.03 (6.23–15.97)

4.04 4.01 (18.39–18.63) 7.04 (16.62–16.75) 6.04 (26.36–31.22)

4.05 4.01 (18.63–18.93) 7.04 (16.78–17.42) 6.05inv (37.25–32.50)

4.06 4.01 (19.22–27.72) 7.04 (17.64–26.33) 6.06 (37.68–53.27)

4.07 4.01 (27.75–27.90) 2.04inv (22.84–22.69)c 6.06 (53.29–53.49)

4.08 4.01 (27.92–33.72) 7.05 (26.36–31.75) 6.06 (53.54–59.39)

(continued)
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Table 8.2 (continued)

Grass 
ancestor Rice (Os) Setaria (Set) Sorghum (Sb)

4.09 4.01 (33.89–34.71) 3.02 (1.25–2.01) 6.06 (59.50–60.54)

4.10 4.01 (34.72–35.96) 3.01inv (1.23–0) 6.06 (60.54–62.14)

5.01 5.01 (0.04–0.20) 3.09inv (7.90–7.71) 9.01 (0.02–0.19)

5.02 5.01 (0.21–0.90) 3.05inv (4.59–3.83) 9.01 (0.20–1.65)

5.03 5.01 (0.92–2.62) 3.04 (2.49–3.82) 9.01 (1.80–4.04)

5.04 5.01 (2.71–3.03) 3.03inv (2.42–2.19) 9.01 (4.06–4.49)

5.05 5.01 (3.05–3.85) 7.06 (31.76–32.46) 9.01 (4.60–6.17)

5.06 5.01 (4.10–6.20) 3.08 (6.45–7.63) 9.01 (6.26–9.12)

5.07 5.01 (6.29–9.22) 3.06 (4.59–5.41) 9.01 (9.60–15.52)

5.08 5.01 (14.39–29.83) 3.10inv (29.34–7.92) 9.01 (16.33–59.61)

12.01 12.01 (0–0.61) 7.09inv (35.91–35.58) 8.01 (0.02–0.89)

12.02 12.01 (0.97–1.81) 7.08 (34.13–35.09) 8.02inv (2.79–1.04)

12.03 12.01 (2.29–2.71) 7.08 (35.13–35.52) 8.03 (3.18–3.88)

12.04 12.01 (2.83–5.46) 7.07inv (33.95–32.52) 8.03 (3.94–9.75)

12.05 12.01 (5.70–8.01) 3.07inv (6.43–5.44) 8.03 (9.83–27.87)

12.06 12.01 (17.46–18.14) 3.11 (39.35–40.74) 8.03 (34.90–39.01)

12.07 12.01 (18.25–23.88) 3.12inv (46.59–40.88) 8.03 (39.07–49.72)

12.08 12.01 (23.95–26.03) 3.13 (46.65–48.83) 8.03 (49.75–52.73)

12.09 12.01 (26.04–26.78) 3.14inv (49.68–48.84) 8.03 (52.91–53.94)

12.10 12.01 (26.82–27.62) 3.15 (49.74–50.60) 8.03 (54.04–55.42)

0 rearrangements 1 Set pericentromeric 
fusion; 1 Set reciprocal 
translocation; 11 Set 
inversions (8 in chrom. 
III, 3 in chrom. VII)

2 Sb inversions (Choi et al. 
2004); 0 rearrangements 
(Wang et al. 1998); 1 Sb 
inversion (Daverdin et al. 
2015)

6.01 6.01 (0.16–2.51) 4.01 (0.11–2.46) 10.01 (0.01–2.97)

6.02 6.01 (2.51–5.04) 4.02inv (5.84–2.60) 10.01 (2.98–5.99)

6.03 6.01 (5.20–5.96) 4.03inv (7.20–5.95) 10.01 (6.21–7.29)

6.04 6.01 (6.02–22.25) 4.04 (7.28–30.14) 10.01 (7.31–49.38)

6.05 6.01 (22.30–26.76) 4.05inv (36.43–32.42) 10.01 (49.46–54.08)

6.06 6.02inv (28.38–26.80) 4.05inv (32.34–30.21) 10.01 (54.15–56.06)

6.07 6.03 (28.47–30.55) 4.06inv (38.61–36.44) 10.01 (56.10–59.00)

6.08 6.03 (30.56–32.06) 4.07 (38.68–40.22) 10.01 (58.99–60.97)

1 Os inversion 4 Set inversions 0 rearrangements

7.01 7.01 (0–17.04) 2.01 (0–14.69) 2.01 (0–18.17)

7.02 7.01 (17.40–30.25) 2.07 (39.99–49.11) 2.04 (67.44–77.88)

9.01 9.01 (0.41–2.71) 2.03 (16.19–20.12) 2.03 (22.50–27.81)

9.02 9.02inv (5.64–4.09) 2.03 (20.36–22.62) 2.03 (27.85–37.82)

9.03 9.03 (6.47–7.00) 2.05inv (24.20–23.43) 2.03 (45.30–47.38)

9.04 9.03 (7.06–23.18) 2.06 (24.32–39.98) 2.03 (47.44–67.44)

9.05 9.03 (23.26–23.79) 2.02 (14.90–16.15) 2.02 (18.59–22.49)

(continued)
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rice has the most stable genome (Bennetzen and Ma 2003; Massa et al. 2011); and 
(3) the ancestral genome comprised 12 chromosomes with structures similar to 
those of extant rice (Devos 2010). The syntenic blocks in the grass ancestral chro-
mosomes, and the corresponding blocks and their breakpoints in Setaria, sorghum, 
and rice are presented in Table 8.2. A syntenic block in the ancestral grass genome 
is defined as a chromosomal segment that is colinear in rice, Setaria, and sorghum. 
In the three extant species, a syntenic block is a contiguous segment in which gene 
orders have remained conserved following divergence from the ancestral grass 
genome. For inversions, only rearranged segments larger than 500 kb are listed. Also 
given in Table 8.2 is the number of rearrangements that was needed to form current-
day Setaria, sorghum, and rice chromosomes. Not included in this tally are the two 
inversions that were likely caused by the misplacement and misorientation of synteny 
block 5_08 in the Yugu1 sequence (Table 8.2).

Chromosomes III and VII have the most complex structure, and the evolutionary 
history of these two chromosomes was modeled by Daverdin et al. (2015). Daverdin 
and colleagues showed that both chromosomes evolved from the same three ancestral 

Table 8.2 (continued)

Grass 
ancestor Rice (Os) Setaria (Set) Sorghum (Sb)

0 rearrangements (Devos 
et al. 1998); 1 Os 
inversion (Wang et al. 
1998)

1 Set/Sb 
pericentromeric fusion; 
2 Set/Sb inversions; 1 
Set inversion

1 Set/Sb pericentromeric 
fusion; 2 Set/Sb inversion

8.01 8.01 (0.07–0.68) 6.01 (0.15–0.89) 7.01 (0.07–1.25)

8.02 8.01 (0.70–8.50) 6.02inv (8.06–0.91) 7.01 (1.26–11.50)

8.03 8.01 (8.58–10.45) 6.03 (8.09–12.31) 7.01 (11.66–22.59)

8.04 8.01 (10.57–11.10) 6.03 (12.64–14.52) 7.03 (39.67–47.50)

8.05 8.01 (15.81–17.07) 6.03 (20.65–21.62) 7.02inv (39.08–36.76)

8.06 8.01 (17.67–18.19) 6.04inv (22.73–21.78) 7.04 (48.37–49.91)

8.07 8.01 (18.28–23.80) 6.05 (23.65–31.07) 7.04 (50.01–58.34)

8.08 8.01 (23.97–28.49) 6.05 (31.12–35.97) 7.05inv (64.31–58.36)

0 rearrangements 2 Set inversions 3 Sb inversions

11.01 11.01 (0.04–0.19) 8.01 (0.07–0.17) 5.01 (0.05–0.20)

11.02 11.01 (0.23–1.60) 8.02inv (1.14–0.21) 5.01 (0.28–2.21)

11.03 11.01 (1.65–5.38) 8.03 (1.22–7.87) 5.01 (2.25–10.62)

11.04 11.01 (5.44–9.01) 8.04inv (13.45–8.01) 5.02inv (19.22–10.63)

11.05 11.01 (9.03–31.17) 8.05 (13.57–40.59) 5.03 (19.54–62.33)

0 rearrangements 1 Set/Sb inversion; 1 Set 
inversion

1 Set/Sb inversion

aBlock 5.08 is likely misplaced and misoriented in the Yugu1 assembly and should be located 
between 5.06 and 5.07 (see Table 8.1). This assembly error was not counted as a rearrangement
bYugu-1 specific inversion; this inversion was not considered as an evolutionary rearrangement
cThe 2.04 segment was placed in this location on the basis of a single SNP marker. It is unclear 
whether this is a rearrangement or an assembly error, and hence was not considered in our analysis
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chromosomes and that a minimum of 13 rearrangements was needed to explain their 
structure, including one pericentromeric fusion, one reciprocal translocation, and 11 
inversions. Overall, the nine Setaria chromosomes were formed from 12 ancestral 
chromosomes following three pericentromeric fusions, one reciprocal translocation, 
and 29 inversions. Of these, two pericentromeric fusions and five inversions occurred 
before the divergence of Setaria from a common ancestor with sorghum (Table 8.2). 
The third pericentromeric fusion was dated to 26–13.1 MYA, that is, after the diver-
gence of the sorghum and Setaria/switchgrass lineages but before the divergence of 
Setaria and switchgrass (Daverdin et al. 2015). Of the 24 inversions that occurred in 
the Setaria lineage after its divergence from sorghum, at least three took place 
before the divergence of Setaria and switchgrass and at least eight after the diver-
gence of these two species. The timing of the remaining inversions is unknown 
because comparisons with switchgrass were based on genetic map data and hence 
sufficient comparative data points were available only for regions that spanned at 
least 1.2 Mb in foxtail millet (Daverdin et al. 2015). The reciprocal translocation 
was specific to Setaria.

Reconstruction of the evolutionary history of the sorghum and Setaria genomes 
allowed us to draw conclusions on the relative stability of these two Panicoid genomes 
during the past 26 MYA after their divergence from a common ancestor. During that 
time period, the Setaria lineage underwent one pericentromeric fusion, one reciprocal 
translocation and 24 inversions of segments larger than 500 kb. During the same time 
frame, the sorghum lineage underwent seven inversions. The same trend was also seen 
for small inversions that encompassed only a single or a few genes (Bennetzen et al. 
2012). A correlation between the rates with which small scale rearrangements and 
chromosome level rearrangements take place has previously been noted in compari-
sons between Ae. tauschii and other grass species (Massa et al. 2011). It is also known 
that different lineages can accumulate and fix rearrangements at different rates 
although what causes differential stability of genomes has not been elucidated (Devos 
and Gale 2000). The Setaria genome is smaller, and hence has less repeats, than the 
sorghum genome indicating that repeat content per se is not the driver behind the rear-
rangements. Or, if rearrangements are associated with the repeat content, another fac-
tor must play a role in their fixation. Setaria is a largely selfing species, which decreases 
the effective population size and increases the importance of drift as a mechanism for 
fixing rearrangements. However, this is also true for sorghum. There is some evidence 
that inversions might be involved in adaptation. For example, frequencies of particular 
inversions in Drosophila and Anopheles species have been shown to be correlated with 
environmental gradients (Anderson et al. 2005; Coluzzi et al. 2002). Annual and 
perennial forms of Mimulus gutatus adapted to dry and moist cool areas, respectively, 
also vary by the presence of an inversion that might have been fixed in one population 
group as a result of local adaptation (Kirkpatrick 2010). It is conceivable that at least 
some of the evolutionary inversions were fixed because of differential adaptation of 
the sorghum and Setaria lineages after their radiation from a common ancestor.

Further insights into the role that local adaptation plays in the fixation of rearrange-
ments might be obtained by conducting comparative analyses at the genome level of 
large numbers of accessions. Whole genome resequencing data for hundreds of 
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accessions is becoming available for both S. italica and its wild progenitor S. viridis. We 
know that Yugu1 carries a ~2.9 Mb inversion which is absent from Zhang gu as well as 
from B100 and A10, the S. italica and S. viridis parents, respectively, used to construct 
the genetic map to which the Yugu1 sequence was anchored. If this inversion or other 
rearrangements are found in multiple accessions, it will be interesting to establish 
whether their presence is associated with specific environmental conditions.
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Chapter 9
LTR Retrotransposon Dynamics 
and Specificity in Setaria italica

Jeffrey L. Bennetzen, Minkyu Park, Hao Wang, and Hongye Zhou

Abstract The distributions of different LTR retrotransposon families and struc-
tures were analyzed across the ~400 Mb assembly for the ~500 Mb genome of 
Setaria italica. The results indicated different genomic distributions for all five of 
the highly abundant LTR retrotransposon families that were investigated. Unequal 
recombination and illegitimate recombination appeared to be more active in LTR 
retrotransposon removal in the gene-rich regions towards the ends of all chromo-
somes. In striking contrast to this result, LTR retrotransposon ages did not differ 
dramatically across the assembled genome, suggesting that LTR retrotransposon 
removal rates are not dramatically influenced by genomic location. These two, 
largely incompatible, observations indicate that the dynamics of LTR retrotranspo-
son activation, insertion, and removal all need a great deal of additional investiga-
tion, including highly detailed intraspecies analyses and interspecies comparisons.

Keywords Setaria italica • Foxtail millet • LTR retrotransposons • Unequal recom-
bination • Illegitimate recombination • Insertion times

9.1  Introduction

Transposable elements (TEs) are highly abundant in the nuclear genomes of all 
higher plants, usually constituting the majority of DNA in any species with a 
genome size exceeding 800 Mb (Bennetzen and Wang 2014). There is continued 
debate regarding the possible roles of these TEs. Although pure Darwinian theory 
indicates that selfish sequences like TEs would be obligated to come into existence 
via the process of natural selection for superior transmission (Doolittle and Sapienza 
1980; Orgel and Crick 1980), there are many cases where these TEs have been co- 
opted by their hosts for a novel function, particularly in gene regulation and some-
times in the creation of new genes (Naito et al. 2009, reviewed in Feschotte 2008 
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and in Bennetzen and Wang 2014). Overall, however, the biology and distribution 
of TEs is consistent with the properties of a selfish DNA (Daniels et al. 1990; 
Baucom et al. 2009).

In many genomes, including most or all flowering plant genomes (Grandbastien 
and Casacuberta 2012; Bennetzen and Wang 2014), TEs are the major source of 
genome rearrangement, either by chromosome breakage, by gene acquisition/mobi-
lization or as sites for ectopic/unequal homologous recombination. In plant species 
with a strong record of recent TE activity, like maize, more than half of the nuclear 
genome can be structurally rearranged in as little as 1–2 million years, by a combina-
tion of macro and micro events (Wang and Dooner 2006; Wang and Bennetzen 2012).

Despite their ubiquity and importance in plants, there is surprisingly little informa-
tion regarding the genomic properties or specificities of TEs. TEs within many angio-
sperm genomes have been detected, although pure whole genome shotgun (WGS) 
sequences are often masked for repeats, thence leading to a genome assembly that is 
deficient in most or all of the highly abundant TEs (e.g., Al-Dous et al. 2011). Once 
the TEs in a sequenced genome are found, the standard next step is for TEs to be 
broadly categorized by structural or homology criteria (Wicker et al. 2007). However, 
these searches often involve only discovery of highly repeated elements (which often 
make up a tiny minority of the TE families in a genome) or elements with homology 
to TEs that have already been described in other species. Even with the current wealth 
of deeply sequenced plant genomes (>95), these two criteria still can miss >50 % of 
the LTR retrotransposon families that are present in a newly sequenced genome 
(H. Wang and J. Bennetzen, unpub. obs.). Applying sensitive structural criteria in 
genome analysis and annotation has led to particularly comprehensive TE discovery 
results (Schnable et al. 2009; Bennetzen et al. 2012; Hellsten et al. 2013).

Once discovered, the TEs in any “fully sequenced” genome can be mapped across 
chromosomes. This analysis has been undertaken on many occasions and has yielded 
the routine observation that different classes of TEs show very different abundances 
and very different genomic distributions. The LTR retrotransposons are routinely the 
most abundant TEs in plants, and the most routine LTR retrotransposon pattern has 
been that elements of the Gypsy superfamily mostly accumulate in heterochromatin 
(particularly pericentromeric heterochromatin) and that elements of the Copia super-
family show less of a bias towards the pericentromeric regions. More detailed analy-
sis in maize, at the LTR retrotransposon family level, indicates that the likelihood of 
an LTR retrotransposon family’s insertion into euchromatin is inversely proportional 
to its copy number, regardless of the superfamily designation (Baucom et al. 2009). 
The DNA TEs, like the classic “controlling element” Ac/Ds studied by McClintock 
(McClintock 1956), tend to exist in lower copy numbers and show preferential asso-
ciation with genes. Of all TE families, the CACTA TEs (for instance, Spm/dspm of 
maize) seem to show the most “random” distribution, but all evidence to date for 
eukaryotes and prokaryotes indicates that TEs are far from random in their insertion 
or accumulation specificities (Schnable et al. 2009; Bennetzen et al. 2012).

The very complete sequence of the Setaria italica genome (Bennetzen et al. 
2012) provides a particularly useful resource for TE characterization. In the first 
analyses, using the full spectrum of search criteria (repetitiveness, homologies to 
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known elements, and structural properties), TEs were found to constitute at least 
40 % of the genome. Most of the TE genome space (>60 %) comprises LTR ret-
rotransposons, including 98, 107, and 361 families of Gypsy, Copia, and 
“superfamily- unknown” LTR retrotransposons. As seen with many previously stud-
ied plant genomes, the Gypsy LTR retrotransposons were found to be enriched in 
the pericentromeric heterochromatin (Bennetzen et al. 2012). However, this general 
Gypsy observation might be driven by the properties of a few very abundant fami-
lies, so a more detailed family-by-family analysis is warranted. This chapter pro-
vides that analysis and also includes investigations of the processes, rate, and 
genomic specificities of the loss of LTR retrotransposon sequences from the S. 
italica genome.

9.2  Results

9.2.1  The Distributions of Different LTR Retrotransposon 
Families

LTR retrotransposon families within a species are designated as distinct by an “80 % 
homology rule” for their LTR nucleotide sequences (Wicker et al. 2007). This 
threshold was not purely arbitrary in its choice because the homology for LTR ret-
rotransposons that show close internal relatedness is usually quite high (>90 %) 
while those that lack close internal relatedness show little LTR homology (<50 %). 
LTRs were chosen as the defining sequence source because they are more com-
monly intact (exclusively in solo LTRs, but also in complete/intact elements and 
fragments) than are the internal coding sequences. Figure 9.1 shows the distribution 
of the five most abundant families of LTR retrotransposons from the Gypsy and 
Copia superfamilies for two scaffolds in S. italica. As is obvious, the distributions 
of these families are quite different. Because all LTR retrotransposons appear to be 
removed from genomes by the same processes (Devos et al. 2002, reviewed in 
Bennetzen and Wang 2014), the differences between families are most likely to be 
caused by differences in insertion preferences.

9.2.1.1  LTR Retrotransposon Removal

LTR retrotransposons have been defined by our lab as intact (having both LTRs, and 
the appropriate target site duplications (TSDs)), fragmented (missing at least all or 
part of one LTR and usually missing some internal sequences), or solo LTRs (an 
LTR with no internal sequences, but with a TSD indicating that the solo LTR origi-
nated from unequal recombination between the two LTRs). Transposition of an LTR 
retrotransposon requires that it be intact, with two LTRs that are of the appropriate 
structure and orientation. An intact LTR retrotransposon does not need to have all of 
its internal coding sequences functional because some of the transposition functions 
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Fig. 9.1 Distributions of the ten most abundant LTR retrotransposon families across two S. italica 
chromosomes. The heat map was derived from a sliding window analysis of 1 Mb each, with 10 kb 
steps. Higher pigment density indicates higher LTR retrotransposon density, as determined by 
intact LTR retrotransposon amount (kb) in that window. The * indicates the approximate position 
of the centromere (Bennetzen et al. 2012). This same analysis was performed for all nine S. italica 
chromosomes, with similar results, but only two are shown here due to space considerations. It 
should be noted that these are actually scaffold depictions rather than full chromosomes, with 
numerous sequence gaps, especially in the centromeric regions
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can be provided in trans (Jin and Bennetzen 1989), but it does need to have a primer 
binding site (PBS) and a polypurine tract (PPT), two short internal sequences 
needed for synthesis of the two strands of the integration intermediate. Because 
only an intact LTR retrotransposon can make an appropriate copy for transposition, 
then all solo LTRs and fragmented elements are an indication of LTR retrotranspo-
son decay and removal (Devos et al. 2002). Figure 9.2 shows the distributions of 
solo LTRs, fragmented LTR retrotransposons, and intact LTR retrotransposons 
across two S. italica scaffolds.

As noted previously in rice (Ma and Bennetzen 2006), solo LTRs are in relatively 
low abundance in the low recombination regions around the centromere (*). This is 
an expected outcome of the low level of homologous recombination in these regions, 
and thus underscores the very rapid rate at which solo LTRs can be generated in 
euchromatic regions by unequal recombination. The fragmented LTR retrotranspo-
sons, primarily derived from various deletion processes (Kirik et al. 2000; Devos 
et al. 2002; Wicker et al. 2010), are also found primarily where LTR retrotranspo-
sons of all levels of intactness are most abundant (Fig. 9.2). Surprisingly, the frag-
mented LTR retrotransposons also show a higher ratio to intact LTR retrotransposons 
in the distal regions of chromosome arms. This indicates that the deletion mecha-

Fig. 9.2 Distributions and ratios of solo LTRs, fragmented LTR retrotransposons, and intact LTR 
retrotransposons across two S. italica chromosomes. The heat map was derived from a sliding 
window analysis of 1 Mb, with 100 kb steps. Higher pigment density indicates higher element 
density, as measured in kb in that window. In order to smooth the ratio curves, two kb of intact LTR 
retrotransposon was added to each window so that the denominator in the ratio was never zero. 
Hence, for this and several other reasons, the actual values of these ratios are not important, but the 
difference in the ratios should be noted across the chromosomal length. “Fragmented” LTR ret-
rotransposons are defined as those that lack at least part of one LTR (and, often, additional internal 
sequences), while “intact” LTR retrotransposons are defined as those with two appropriate LTRs 
(in correct orientation and full size). The * indicates the approximate position of the centromere. 
This same analysis was performed for all nine S. italica chromosomes, with similar results, but 
only two are shown here due to space considerations
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nisms involved in their fragmentation are not evenly active across the genome. This 
is an expected result for unequal recombination (which is known to preferentially 
occur in euchromatin) but not necessarily for fragmentation caused by illegitimate 
recombination (where possible differences in rates across the genome have not yet 
been thoroughly investigated).

9.2.2  Insertion Times of Detected LTR Retrotransposons

At the time of insertion, the mechanism of LTR retrotransposon replication indi-
cates that the two LTRs in a single element will almost always be identical in 
sequence. Hence, divergence of the two LTRs in an element can be used to date the 
time that has elapsed since insertion (SanMiguel et al. 1998). This molecular clock 
has not been calibrated nearly so well as the molecular clock for “neutral” third 
codon positions in genes and is also likely to be somewhat variable between chro-
mosome locations and species. Still, it provides an estimate of insertion date that is 
likely to be fairly consistent within a single genome for LTR retrotransposons with 
similar insertion biases. Unexpectedly, the results depicted in Fig. 9.3 indicate rela-
tively similar average ages of LTR retrotransposons across the Setaria genome, sug-
gesting that removal of TEs is not much more rapid from euchromatin than it is 
from heterochromatin.

Fig. 9.3 Approximate insertion dates of all intact LTR retrotransposons across two S. italica chro-
mosomes. Individual dots indicate individual elements and their insertion sites. The curves indi-
cate average ages for the LTR retrotransposons of either the Gypsy (red) or Copia (blue) 
superfamilies in each 10-element window. The * indicates the approximate position of the centro-
mere. This same analysis was performed for all nine S. italica chromosomes, with similar results, 
but only two are shown here due to space considerations. The X axis indicates position along the 
chromosome, and the Y axis indicates the degree of sequence divergence between two LTRs in the 
same element, which is an indication of the time that has expired since the TE inserted. Larger 
values mean more ancient insertion dates
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9.3  Discussion

Although LTR retrotransposons make up the majority of most plant genomes, their 
distributions, origins, specificities, and transposition histories are only crudely under-
stood in any plant system. More research is needed to look across a broad (and infor-
matively selected) phylogenetic spectrum of organisms to see how TEs are transmitted 
and behave. In plants, where the median genome size is >4 Gb, the cost of de novo 
investigation of this process across hundreds of taxa remains prohibitive if one 
requires a fully sequenced and annotated genome. However, sample sequencing fol-
lowed by repeat annotation of genomes can allow a cost-effective approach for this 
analysis (Devos et al. 2005; Macas et al. 2007). For instance, using only a few thou-
sand Sanger sequences, we discovered that the doubling of the Zea luxurians genome 
size in the last 1–3 million years was caused by the amplification of numerous (but not 
all) LTR retrotransposon families in that genomic lineage (Estep et al. 2013).

Even when a genome is fully sequenced, the TEs are often given only a cursory 
investigation. This was certainly true in our earlier sequencing and annotation of 
the S. italica genome (Bennetzen et al. 2012). Even the much more comprehensive 
analysis of the TEs in the maize genome (Schnable et al. 2009; Baucom et al. 2009; 
Yang and Bennetzen 2009) left numerous questions regarding ancestry, activity, 
specificity, and fate unanswered. Questions investigated in detail in maize (but 
mostly not in any other genome sequence description in plants) were the number of 
LTR retrotransposon families (406), the frequency of gene fragment acquisition 
(high for Helitrons but also seen for MITEs, LTR retrotransposons, and other TE 
types), and TE distributions across the chromosomes. In S. italica, relatively little 
LTR retrotransposon data analysis was presented although >500 families were 
identified and mapped across the genome (Bennetzen et al. 2012 and unpub. data).

In our current analysis, we show that different LTR retrotransposon families have 
very different genomic distributions, as noted previously in maize (Baucom et al. 
2009). It has been proposed (Bennetzen 2000, 2005) that this apparent differential 
insertion specificity is caused by recognition of different chromatin states, as is 
known to be the case for LTR retrotransposons in yeast (Kirchner et al. 1995; Zou and 
Voytas 1997). As future studies investigate chromatin structure in Setaria and other 
plants in more detail, it will be interesting to see which associations hold up between 
domains in integrase (the TE enzyme involved in opening up the host DNA for LTR 
retrotransposon insertion) and specific chromatin compositions and/or configura-
tions. For instance, LTR retrotransposons that encode a chromodomain are more 
likely to be found in heterochromatic regions (Gao et al. 2008), suggesting one initial 
level of very general specificity. However, as there are likely to be thousands of actual 
“types” of heterochromatin or euchromatin, sporting different protein modifications 
and compositions (Bennetzen 2000), it is likely that integrases will have sufficient 
diversity to find unique target sites for most or all LTR retrotransposon families.

Although the general story that LTR retrotransposons in plants preferentially 
accumulate in pericentromeric regions has been adopted as a general concept, it is 
not a particularly accurate representation of reality. As seen previously in maize 
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(Baucom et al. 2009), this pericentromeric bias is quite common for the most 
abundant LTR retrotransposons, but has dramatic exceptions (see, for instance, the 
second most abundant Copia family in Setaria, Copia 2, which strongly avoids peri-
centromeric heterochromatin). Exceptions are also found to the direct relationship 
between copy number of the LTR retrotransposon and its preferential accumulation 
in heterochromatin although that role does hold true on average. It will be interesting, 
in future studies, to see what insertion niche is found by high-copy- number LTR 
retrotransposon families that do not find a safe haven in heterochromatin, as seen for 
Gypsy 2, Copia 2, and Copia 4 in this study. We predict that these elements will not 
be found inserted into genes, but in class(es) of small heterochromatic blocks that are 
interspersed with genes, or perhaps in gene regulatory regions. If the latter, then these 
would be an excellent set of TEs to investigate for their ability to bring new genetic 
diversity to gene regulation (Kidwell and Lisch 1997; Feschotte 2008).

Our two most surprising results were (1) the lack of any dramatic difference in 
average LTR retrotransposon age between pericentromeric and euchromatic regions 
of S. italica chromosomes and (2) very uneven ratios of fragmented LTR retrotrans-
posons to intact retrotransposons across the chromosomes. LTR retrotransposons 
were seen to average a somewhat more ancient time of insertion in pericentromeric 
heterochromatin, but a stronger effect was expected because both natural selection 
(to remove TEs that cause mutations) and random ectopic recombination are expected 
to decrease LTR content especially rapidly in genic regions. The relatively low fre-
quency of solo LTRs in pericentromeric heterochromatin that we observed agrees 
with this prediction. Perhaps our results are caused by the fact that the LTR ret-
rotransposons at the ends of the chromosomes are so rare that a useful ratio could not 
be determined or by the fact that not all of the pericentromeric DNA was assembled 
for S. italica, due to its highly repetitive DNA content. If values for these most dis-
similar regions had been plotted, then one expects that a more impressive differential 
would have been observed. The second issue remains even more mysterious. One 
model suggests that the major mode of DNA removal from plants involves small 
deletion caused by illegitimate recombination, primarily as an outcome of inaccurate 
double strand break repair (DSBR) (reviewed in Bennetzen 2007). It is not at all 
clear why DSBR would be less common or less accurate in heterochromatic regions, 
but this is certainly implied by our data. More comprehensive analyses are needed 
investigating specific sequence change types and rates across plant chromosomes.

As with every other TE study conducted in plants, one is inundated with enor-
mous numbers of possible interspecies and intraspecies investigations. Such studies 
can focus on TE effects on genome structure, on genome function and/or on gene 
evolution. Our study has provided a small part of this analysis, finding general simi-
larity and some interesting differences with comparable studies in maize, rice, and 
other angiosperm genomes. We look forward to future studies that will investigate 
additional properties of these dynamic genome components.
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Chapter 10
Morphological Development of Setaria viridis 
from Germination to Flowering

John G. Hodge and Andrew N. Doust

Abstract The model system Setaria viridis is morphologically similar to other 
members of the Panicoideae, including maize and sorghum, although as a wild lin-
eage it still contains a great deal of developmental plasticity. Underlying this varia-
tion is a robust ontogenetic pattern of vegetative growth resulting in the production 
of semi-independent basal branches (tillers) in addition to aerial branches on the 
main culm and tillers. We characterize the life cycle of S. viridis from germination 
to flowering and the general patterns of vegetative growth that can be expected 
within this period when grown under standardized conditions. We also indicate 
what can be expected when these plants are grown under other conditions.

Keywords Setaria viridis • Green foxtail • Vegetative morphology • Tillering  
• Branching • Flowering

10.1  Introduction

The panicoid grasses comprise approximately 3240 species (Kellogg 2001), 
distributed worldwide in temperate and tropical ecosystems. Several are dominants 
in warm-temperate prairie ecosystems, and different species have been domesti-
cated as cereal grains in various parts of the world, including maize in central 
Mexico (Zea mays), sorghum in sub-Saharan Africa (Sorghum bicolor), pearl millet 
in southern Africa (Pennisetum glaucum), and foxtail millet in northern China 
(Setaria italica). The rapid growth and biomass accumulation of some wild species 
has also marked them as potential biofuel sources, including switchgrass (Panicum 
virgatum) and Miscanthus (Miscanthus x giganteus). Despite the broad agricultural 
and ecological importance of these grasses, basic research has been primarily 
focused within the domesticated cereals, with a strong focus on maize. The sexual 
dimorphism of terminal staminate tassel inflorescences and axillary pistillate ear 
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inflorescences in maize allows for easy and elegant genetic manipulation, but further 
functional characterization can be laborious compared to other plant models like 
Arabidopsis thaliana, given the large size of individual plants, polyploid genome, a 
life cycle that can take over 2 months, and difficulty of transformation (Ishida et al. 
2007). In addition, maize and other domesticated panicoid cereals have highly 
derived phenotypes resulting from human mediated selection (Abbo et al. 2014).

Recently, Setaria has been suggested as a system that incorporates both a 
domesticated species, foxtail millet (Setaria italica) and its wild progenitor, green 
foxtail (S. viridis). In green foxtail, the highly inbred accession line A10.1 is 
being actively developed as a model for functional and developmental research 
[(Brutnell et al. 2010), Chaps 10, 11, 13, 14, 17–21]. S. viridis A10.1 (hereafter 
referred to simply as S. viridis) has many advantages that make this system more 
tractable as a model than maize and other agricultural counterparts. Among them 
are its smaller size, often only reaching 30–40 cm in height at maturity, small 
genome, and rapid life cycle with heading occurring roughly 21 days after germi-
nation, followed by seed maturation of the primary inflorescence within ~40 days 
post-germination. Alongside the capacity for high efficiency transformation 
through tissue culture [Chap. 20] more rapid transformation methods of S. viridis 
using floral dip protocols may also be possible [(Martins et al. 2015), (Van Eck 
and Swartwood 2014), Chap. 21]. S. viridis also benefits from a moderately large 
seed set (each inflorescence often bearing more than 100 seeds), allowing for easy 
bulking within each generation.

In this chapter, we describe the general development of S. viridis from germina-
tion to flowering that can be expected when Setaria is grown under standardized 
conditions. We focus primarily on vegetative development as previous work has 
described inflorescence development in the genus (Doust and Kellogg 2002; Doust 
et al. 2005). We also highlight the developmental lability of S. viridis, as it, along 
with other wild grasses, retains the capacity to recognize and respond dynamically 
to environmental cues during development, and can display a wide array of growth 
forms at maturity.

10.2  Embryology and Germination

Embryological morphology within S. viridis is typical of the Poaceae with embryos 
first being recognizable at the globular stage, where they appear as a dense, undif-
ferentiated mass of cells embedded at the base of the developing endosperm 
(Fig. 10.1a). Setaria viridis also shows various synapomorphies unique to panicoid 
grasses that become more apparent at later developmental stages [Chap. 1]. Among 
these are the distinction between the sheathing tissue surrounding the embryonic 
root meristem (the coleorhiza) and the scutellum, which forms a haustorial attach-
ment to the endosperm, resulting in a projection known as a scutellar tail (Fig. 10.1b). 
This distinction is absent in pooids and results in a “scutellar cleft” that is unique to 
panicoid species (Fig. 10.1b). Also characteristic of panicoid grasses is the 
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elongation of the mesocotyl, producing a prominent internode between the insertion 
of the scutellum and coleoptile along the embryonic axis (Fig. 10.1c, d) (Kellogg 
2015). In keeping with general grass development, the embryonic apical meristem 
remains active for a prolonged period of time, resulting in the generation of at least 
two leaf primordia prior to maturation of the seed (Fig. 10.1c, d) (Kellogg 2000, 
2015). In keeping with the Panicoideae disarticulation pattern, seeds are abscised 
below the insertion of glumes so that the entire spikelet axis acts as a diaspore 
(Doust et al. 2014). As a result of this mechanism, the caryopsis of S. viridis remains 
encased in the sclerified sterile lower lemma and the upper palea and lemma at 
germination.

Germination of S. viridis either on petri plates or within soil media occurs in a stereo-
typed manner within 2–3 days after imbibition (see below). If A10.1 seeds are planted 
immediately after harvest, germination rates are low and highly variable. However, 
following seed pretreatments, S. viridis A10.1 usually has high germination rates 
(>90 %) across growing conditions. Pretreatment methods include a prolonged post-
harvest storage period (>1 month) between senescence of the parent plant and sowing 

Fig. 10.1 Embryological series of S. viridis stained with toluidine blue. (a) Globular stage embryo 
appearing as a dense, undifferentiated mass of cells embedded at the base of the developing endo-
sperm. (b) Embryo during scutellum elongation and after polarity has been established given the 
presence of meristematic regions for the embryonic root and shoot. Note distinctive scutellar cleft 
visible between coleorhiza and scutellar tail (arrow). (c) Embryo after juvenile leaf primordia 
begin initiating from the embryonic shoot meristem axis. (d) Mature embryo prior to stratification, 
various panicoid features are recognizable such as the distinction between coleorhiza and scutellar 
tail as well as a mesocotylar internode. Coleoptile (co), coleorhiza (cr), embryonic shoot meristem 
(es), embryonic root meristem (er), mesocotylar internode (m), scutellum (sc), scutellar tail (st), 
scale bars at 100 μm
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of the offspring, a cold shock treatment (−80 °C for 2–3 days) (Mauro-Herrera et al. 
2013), or addition of liquid smoke (Jose et al. 2014; Nelson et al. 2009). Growth condi-
tions following germination are often crucial for a normal phenotypic response given 
A10’s sensitivity to environmental conditions. As true for most C4 grasses, S. viridis 
prefers high light and will often exhibit either stunted growth patterns or variable mor-
phological patterns when grown under very low light levels (<200 μmol m−2 s−1).

As with other panicoids such as maize and sorghum, germination follows a ste-
reotypical pattern in which the coleoptile and mesocotyl escape through the apex of 
the spikelet through the aperture created by the tips of the spikelet bracts. By con-
trast, early radicle development is more involved, given the presence of several 
sclerified bracts in S. viridis. In cases of successful germination, there is a highly 
predictable pattern of radicle emergence in which the coleorhiza punctures through 
a germination flap at the base of the upper lemma on the spikelet in order to exit and 
is shortly thereafter shed by the radicle (Fig. 10.2). This pattern has also been main-
tained in the domesticated cultivar Setaria italica (Keys 1949). Previous studies 
have indicated that S. italica germinates more quickly than S. viridis, but our own 
work with S. viridis (A10.1) and S. italica (B100 and Yugu1) accessions show the 
opposite, indicating that speed of germination is likely genotype dependent (Keys 
1949). The prolonged functionality of the coleorhiza often allows it to remain dis-
cernible on the primary axis beyond germination (Fig. 10.2d), whereas, by contrast, 
the coleorhiza of maize does not elongate, and thus appears minute after germina-
tion (Hochholdinger et al. 2004).

Early vegetative growth and juvenile to adult phasing when grown under stan-
dard conditions (12:12 h day:night cycle, 28 °C day 22 °C night, humidity ~30 %, 
illumination ~30000 μmol m−2 s−1).

Following emergence from the soil, S. viridis plants sequentially produce four 
juvenilized leaves that lack notable intercalary meristem growth in their correspond-
ing internodes. The exsertion of these first four leaves occurs rapidly, with the first 
leaf becoming fully expanded 2 days after emergence and the ligules of the second, 
third, and fourth leaves appearing 6, 8, and 10 days after emergence, respectively 
(Fig. 10.3). There is a general increase in size with each subsequent leaf, as these 
juvenile leaves form a transitional grade towards the mature leaves. Gross observa-
tions suggest a similarity between the juvenile phasing of leaves in Setaria and those 
of maize (Orkwiszewski and Poethig 2000; Sylvester et al. 2001). Mature leaves 
under high light conditions often appear to have larger leaf areas, due to increased 
blade width and length, a chaffy surface, and are often more rigid. Similar features 
are noted within mature maize leaves, where they correlate with increases in both 
trichome density and vascular development (Sylvester et al. 2001). The morphology 
of the juvenile leaves varies little when the plants are grown at varying light intensi-
ties and densities, suggesting that the underlying developmental process is largely 
insensitive to environmental variation. Blade morphology beyond the first four 
leaves shows some relationship with environmental factors, particularly light, as 
when adult glasshouse-grown S. viridis are compared to their growth room 
 counterparts they often have wide blades and a chaffy surface whereas adult growth 
room leaves are only moderately differentiated from their juvenile counterparts.
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Under standard conditions, the shoot apical meristem of S. viridis appears to 
initiate new leaves roughly every ~2–3 days (Fig. 10.4). There appears to be no 
delay in bud outgrowth once buds have been initiated. Linear relationships between 
leaf initiation and exsertion have also been shown in sorghum and maize (Clerget 
et al. 2008; Abendroth et al. 2011). Except for abnormally fast exsertion rates of the 
first two leaves (which are products of embryogenesis) maize displays a continuous 
rate of leaf exsertion every ~5.5 days, a somewhat slower rate than S. viridis 
(Abendroth et al. 2011). It is hard to disentangle if these differences in continuous 
growth rates are specific to distinct lineages or simply a product of domestication, 
as the majority of work within panicoid development has largely been focused 

Fig. 10.2 Early germination of S. viridis seeds. (a) Imbibed seed prior to germination displaying 
mottled patterning on the surface of the upper lemma. (b) Germinating seed which has been dis-
sected to remove the upper lemma and palea, note small rectangular coleorhiza immediately adja-
cent to point of attachment of the radicle to the mesocotyl. (c) Germinating seedling where the 
germination flap facilitating the escape of the radicle can be seen at the base of the lemma along 
with the coleorhiza which has continued to elongate. (d) Seedlings several hours post-germination, 
growth of coleorhiza arrests shortly after first leaf exserts from coleoptile and vegetative growth 
begins. Caryopsis (ca), coleoptile (co), coleorhiza (cr), germination flap (g), mesocotyl (m), radicle 
(r), upper lemma (ul)
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Fig. 10.3 Early vegetative growth of S. viridis under glasshouse conditions prior to axillary 
branch exsertion. Early vegetative growth at 2 days (a), 6 days (b), 10 days (c), 14 days (d), and 18 
days (f) postemergence. Numbers in (d) and (f) indicate what serial position each leaf represents 
in the primary axis. Axillary buds begin to elongate within 2 weeks after emerging as seen upon 
dissection of the 14 day (e) and 18 day (g). Numbers listed below leaf blades and their correspond-
ing axillary buds are the serial leaf positions denoted in (d) and (f). The leaf sheaths of the first leaf 
of day 14 (d) and the third leaf of day 18 (f) have been pushed away from the stem by the out-
growth of the first tiller (e) and third tiller (g), respectively
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within domesticated cereals. However, observations of S. italica accessions B100 
and Yugu1 show rates of leaf exsertion that are more comparable to those of Z. 
mays, suggesting a potential relationship between rate of organ initiation/elongation 
and domestication.

10.3  Axillary Branching and Root Architecture

Axillary branching occurs in two distinct phases of growth in S. viridis, with tillers 
being initiated from the basal nodes (mostly bearing juvenile leaves) and aerial 
branches being initiated from the nodes separated by elongated internodes along the 
culm and tillers. Aerial branching is often the most pronounced after the main culm 
has transitioned to flowering (Doust et al. 2004). The basal growth phase produces 
several axes (tillers) that have the potential to develop a lateral root system indepen-
dent of the primary axis. Often only the first four axillary axes are near enough to 
the soil surface to successfully establish an independent root system and, of these, 
the internodes immediately associated with the first two axes are the primary sites 
for adventitious root initiation. Under both glasshouse conditions (14 h days with 
>1000 μmol m−2 s−1 light at peak hours) and growth room conditions (12 h days and 
constant light ~300 μmol m−2 s−1), the first discernible tillers appear in the axils of 

Fig. 10.4 Graph displaying periodic plastochron of S. viridis in which rate of leaf exsertion is 
compared to absolute time. m = 0.311, R2 = 0.9362
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leaves 1 and 2 at roughly 12–14 days postemergence (Fig. 10.3). Elongation of axil-
lary buds is first recognizable by the surrounding leaf sheath being dislodged from 
the stalk by the rapid outgrowth of the bud (Fig. 10.3d–g). Despite being the first 
axes to elongate, the first and second tillers are only able to grow for a few days, 
producing a few juvenile leaves, before ceasing growth entirely (Fig. 10.5). The first 
tiller appears to always follow this pattern but the second tiller can sometimes con-
tinue growth (Fig. 10.5). This pattern becomes even more pronounced as the third 
and fourth tillers begin to elongate as well, often quickly overtaking their basal 
counterparts (Figs. 10.3 and 10.5). There are also developmental differences in the 
types of leaves being initiated on the first and second tillers, which primarily bear 
juvenilized leaves, compared to that of the third and fourth, where the first leaf is 
often juvenilized, and followed thereafter by mature leaves, suggesting potential 
differences in how these axes are developmentally canalized (Fig. 10.5). Moreover, 
when compared to the first two tillers, the rates of growth and leaf emergence are 
more uniform for the higher axes.

In accordance with studies in other grasses, the establishment of the post- 
embryonic root system often shows a positive correlation with tillering in S. viridis 
(Manske and Vlek 2002). Crown roots often begin to appear within a week of axil-
lary meristem elongation, so that the crown root system occupies a comparable 
volume to the shoot system at flowering (Fig. 10.5). The intensity of crown root 
initiation varies between phytomers, often with circumscissile rings of roots initiat-
ing from the first and second internodes while only sparse root initiation is visible 
in the third and fourth. The exsertion of these roots can have notable effects on the 
shoot system, with the leaf sheaths of leaves 1 and 2 often becoming severely dam-
aged and rendered nonfunctional, and their corresponding tillers forced out of a 
distichous arrangement (Fig. 10.6). In some cases, the damage is more severe, with 
root elongation inflicting structural damage to the first and second tillers them-
selves. In contrast, the scarce root outgrowth from the third and fourth internodes 
limits damage to the surrounding sheaths and thus allows the blades of leaves 3 and 
4 to remain functional until senescence. S. viridis shoot growth is sensitive to con-
strictions placed on root system growth, and plants may flower earlier if root vol-
umes are restricted (Table 10.1).

10.4  Transition to Flowering and Inflorescence Morphology

The transition of the vegetative shoot apical meristem into the reproductive fate of 
a inflorescence meristem occurs when the first mature leaves are visible externally 
(or shortly after). Previous work in maize has suggested that a set number of phy-
tomers is required for reproductive competency to be reached, enabling the transi-
tion of the shoot apical meristem to the inflorescence meristem (Irish and Jegla 
1997). In a manner similar to many other grasses, floral transition is often first dis-
cernible in Setaria as the elongation of the meristematic axis into a pin-like struc-
ture, which causes it to exsert beyond the shelter of the leaf primordia that cover it 
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Fig. 10.5 Later vegetative growth of S. viridis under glasshouse conditions showing patterns of 
axillary branching up until flowering at 22 days (a), 26 days (c), 30 days (e), and 34 days (g) pos-
temergence. Numbers in (a), (c), (e), and (g) indicate what serial position each leaf represents in 
the primary axis. Upon dissection of axillary branches, the increased growth effort in the axillary 
branches of the leaf 3 and 4 becomes apparent with the branches from the axils of leaves 1 and 2 
showing little growth by comparison over developmental time (b), (d), (f), and (h). As the axillary 
branches of higher axes above the fourth leaf begin to elongate, the axillary branches usually form 
a developmental grade, recapitulating the order in which they were produced from the shoot apical 
meristem (d), (f), and (h). Numbers listed below leaf blades and their corresponding axillary 
branches in (b), (d), (f), and (h) are the serial leaf positions denoted in (a), (c), (e), and (g), 
respectively
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Fig. 10.6 Structural changes in first and second phytomers resulting from crown root exsertion. 
Severe structural damage is present to sheath of the second leaf, rendering it nonfunctional. Note 
differences in orientation between leaves 1 and 2 compared to tillers 1 and 2, showing severity of 
displacement of the tillers by the secondary root system

Table 10.1 Variation in trait values for S. viridis in varying growth conditions, compared to 
standard conditions

Variable Values
Time to 
flowering Height

Branch 
number

Leaf 
number

Plant density 
(low to high)

Field (900 cm2, 55 cm2) Same Increased Decreased Not 
measured

Plant density 
(low to high)

Greenhouse (55 cm2, 
30 cm2)

Same Increased Decreased Not 
measured

Photoperiod 
(short to long)

Growth chamber (8, 12, 
16 h light)

Increased Increased Increased Increased

Root volume 
(small to 
large)

Greenhouse 
(1400 μmol m−2 s−1: 115, 
230, 345 cm3)

Increased Increased Same Same

Root volume 
(small to 
large)

Greenhouse 
(400 μmol m−2 s−1: 115, 
230, 345 cm3)

Increased Increased Decreased Same

Light 
intensity (high 
to low)

Greenhouse (1400, 
400 μmol m−2 s−1)

Increased Increased Increased Same

Light 
intensity (high 
to low)

Growth chamber (250, 
115 μmol m−2 s−1)

Increased Same Decreased Increased

These data come from unpublished growth trials (Doust, unpublished). Only trends for environ-
mental variables that were varied within trials are noted, along with the values for those variables
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during its vegetative phase (Fig. 10.7a, b.). Early inflorescence development in 
Setaria bears a striking resemblance to the pistillate ears of maize at a developmen-
tally analogous stage with primary branches being initiated acropetally (Fig. 10.7c). 
Unlike the paired spikelet meristems of maize resulting from these primary branches, 
Setaria undergoes a brief phase of distichous fractal-like branching along each pri-
mary branch resulting in a complex but highly repetitive morphology (Fig. 10.7d, e, 
h) (Doust and Kellogg 2002). The meristems produced from this process are then 
able to transition into either the sterile fate of bristles or fertile fate of spikelets 
(Fig. 10.7f). Bristles appear to be patterned from aborted spikelet meristems and are 
often first recognizable based on their elongated pedicels (when compared to fertile 
spikelets) and the circumcissile scar that forms around the base of the meristematic 
dome (Fig. 10.7f). Shortly after the formation of this scar, the spikelet meristem of 
the bristle often becomes necrotic and collapses, shedding shortly thereafter so that 
the apex of each bristle contains only a blunt stump, where the meristematic dome 
was previously attached (data not shown). By contrast, the spikelet meristems often 
have a short pedicel and develop as typical two-flowered panicoid spikelets, with 
the lower floret usually sterile (Fig. 10.7f, g). There has been some suggestion that 
the branching patterns of Setaria are an elaborated version of the paired spikelet 
branching pattern found within the Andropogoneae (Fig. 10.7h) (Zanotti et al. 
2010). This results in the primary axis for each short branch order aborting into a 
sterile pedicellate axis while its recently generated axillary axis is retained as a fer-
tile sessile spikelet (Fig. 10.7h). The combination of these growth patterns results in 
the characteristic arrangement of bristles surrounding the fertile spikelets of Setaria 
at maturity (Fig. 10.7i) (Doust and Kellogg 2002; Doust et al. 2005).

10.5  Environmental Sensitivity

Perhaps the most striking feature of S. viridis compared to other panicoid models 
such as maize and Sorghum is that it is a wild species and thus retains much of its 
phenotypic plasticity. There are various environmental stimuli which have been 
noted to cause phenotypic shifts, such as soil volume and depth, day length, and 
light quality (Doust, unpublished), as well as water stress (Fahlgren et al. 2015) 
(Chap. 16). Moreover, many of these developmental decisions are established early 
in the Setaria life cycle.

As an indication of the range of phenotypes that can be expected under varying 
growth conditions, we have compiled data from multiple unpublished trials for archi-
tectural and flowering time traits in S. viridis (Table 10.1). These trials vary widely in 
light intensity, root volume, and plant density, as well as photoperiod. Some of the dif-
ferences in phenotype can be attributed to a shade avoidance response, as in the field 
and greenhouse density trials, where height increases, branching decreases, but flower-
ing time stays the same. Other environmental changes affect flowering time as well, 
such as changing photoperiod, root volume, or light intensity. Interestingly, phenotypic 
responses can vary depending on the levels of an environmental variable that are 
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Fig. 10.7 Floral transition of the apical meristem of S. viridis. (A) Vegetative meristematic dome 
with sheathing leaf primordia removed. (B) Inflorescence meristem shortly after its floral transition 
causing a shift in morphology from a small dome shielded by primordia to a pin-like structure that 
elongates beyond the younger primordia which form a characteristic hood over the vegetative axis. 
(C) Primary branching phase of inflorescence development, note the small scale-like bracts (green) 
subtending each branch meristem (white) shortly before they elongate. (D) Formation of distichous 
secondary branch primordia on the primary branch axes. (E) A single axillary branch annotated so 
that each branch order is numbered based on its rank to the primary axis. (F) The branch meristem 
to spikelet meristem transition follows a typical panicoid pattern in which fertile axes (black) are 
generated that bear one or two floret meristems, or alternatively, the meristematic axis is aborted 
and shed so that the barren axis that eventually develops into a bristle (white). (G) An isolated axil-
lary branch at a later stage of floral development showing a spikelet pair consisting of a fertile 
sessile spikelet (black) and a sterile pedicellate axis (white). (H) Illustration outlining branching 
patterns and spikelet to bristle transitions within Setaria. (a) Early stage of axillary branch elonga-
tion in which third-order axes are generated acropetaly along the second-order axis. (b) Later 
developmental stage in which the patterns of the fourth branch order is recognizable and is compa-
rable to the architecture visible in (E). (c) Transition of axes to a spikelet fate occurs shortly after 
(b) with terminal axes (white) differentiating into a sterile bristle fate whereas axillary axes are 
retained as fertile spikelet fates. (c) This illustration interprets the spikelet and bristle fates as 
analogous to a paired spikelet morphology in maize. (d) A representation of a paired spikelet to 
compare to (G) in which the terminal axis (white) has developed into a bristle, whereas the axillary 
axis is retained as a spikelet (black) and the dashed line represents the point of attachment to the 
lower order axis. (I) Panicle of S. viridis at maturity bearing both fertile spikelets and bristles. 
Scale bars for A–G = 100 μm, I = 1 cm
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applied. This appears to be the case for light intensity, where variation in physiologi-
cally meaningful levels of variation (1400, 400 μmol m−2 s−1), increases flowering time, 
height, and branch number, but where much lower levels of light (250, 115 μmol m−2 s−1) 
increase flowering time, do not affect height, and decrease branching. The sensitivity of 
S. viridis to environmental variation has the potential to be a useful tool in understand-
ing plant–environment responses. We have made some progress in understanding the 
effect of photoperiod on growth and development in Setaria [(Orkwiszewski and 
Poethig 2000), Chap. 12], but much work still needs to be done to unravel the effects of 
carbon gain and light amount on architecture and flowering time.

10.6  Discussion

In this chapter, we have set out developmental growth patterns for S. viridis A10.1 
from germination to flowering, with most emphasis on changes in plant architecture 
during growth. Like maize, Setaria undergoes a distinct juvenile phase in which 
leaves appear to be smaller at lower nodes and their corresponding internodes also 
reduced in size. The axillary buds of these leaves are often the most likely to develop 
into tillers given their proximity to the soil. Also like other cereal models, leaf initia-
tion and exsertion are highly periodic, once a meristematic axis has committed to 
organogenesis. There is also evidence that not all vegetative axes are equal, with the 
first and occasionally the second tillers arresting growth shortly after starting to 
elongate. We also summarize the results of several growth trials between various 
experiments in order to emphasize the plastic nature of this accession. It is important 
to be aware of the labile nature of vegetative growth in Setaria, as varying experi-
mental conditions will change phenotypic outcomes, irrespective of treatments.

The other source of variation explored in this chapter is developmental, and the 
stages described above provide insight into growth patterns in S. viridis A10.1. The 
short life cycle means that the ontogenetic program of an individual is determined 
soon after germination, with developmental decisions related to branching and flow-
ering occurring as early as the first 2 weeks following emergence. Early inflorescence 
development bears a superficial similarity to the ears of maize although the fractal- 
like branching patterns of the axillary inflorescence branches and the conversion of 
spikelet meristems into bristles through abortion of their meristems are both charac-
teristic of Setaria. The circumcissile scars of S. viridis bristles resulting in spikelet 
meristem abortion have a resemblance to the abscission zones of spikelets although 
such an interpretation is at present pure speculation (Hodge and Kellogg 2016).

The underlying genetics driving plant architecture have been explored in several 
studies. These have implicated various architectural regulators such as 
MONOCULM1, SEMI-DWARF1, and teosinte branched1 in phenotypic variation 
that was selected upon during the domestication of S. italica [(Manske and Vlek 
2002), (Mauro-Herrera and Doust 2016), Chap. 12]. Much remains to be done to 
understand the relationship between developmental timing, environmental sensitiv-
ity, and perception, and S. viridis promises to be a rich source of variation and 
insights into these questions.
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Chapter 11
Setaria viridis: A Model for Understanding 
Panicoid Grass Root Systems

Jose Sebastian and José R. Dinneny

Abstract Roots are essential for plant survival on land. Understanding how root 
traits relate to overall crop yield will be key to sustainably supporting an ever- 
expanding population. For global food and biomass production, members of the 
grass family (Poaceae) contribute the lion’s share; however, our understanding of 
grass root biology remains rather poor. Among grasses, Panicoideae subfamily 
grasses are among the most agronomically important groups of plants. Recently, 
Setaria viridis (Setaria) has emerged as a new genetic model system for Panicoideae 
grasses. Setaria characteristics such as a relatively small genome, fast life cycle, 
ease of growing under controlled conditions, and remarkable drought tolerance 
make it an excellent plant model system to study various aspects of grass biology. 
Setaria has a typical grass root system architecture composed of a primary, crown 
and lateral roots, making it feasible to conduct systematic analyses that elucidate 
general physiological mechanisms of broad relevance. In this chapter, we give an 
overview of root systems in grasses and Panicoideae grasses and provide a detailed 
description of the Setaria viridis root system highlighting different root types and 
their internal cellular organization.

Keywords Monocot root systems • Root system biology • Panicoid grasses  
• Setaria viridis

11.1  Introduction

11.1.1  The Importance of Roots

Roots are a multifunctional organ system through which plants obtain most of their 
water and nutrients required for growth and development. Being sessile organ-
isms, plants depend heavily on their root systems and their adaptive responses to 
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optimally extract soil reserves. Important adaptive responses to exogenous stimuli 
include alterations in root growth rate and branching patterns. This is particularly 
important when soil resources are either depleted or inaccessible due to a multi-
tude of stresses (Lynch 1995; Grossman and Rice 2012; Postma et al. 2014a). 
Besides nutrient uptake, roots are also important in anchorage, storage of nutrient 
reserves, and forming mutually beneficial microbial associations that are often 
critical for proper plant growth (discussed in Chap. 14, and reviewed by (Bulgarelli 
et al. 2013)). Considering the rapid increase in the human population and associ-
ated nutritional demands, it is of paramount importance to improve our agriculture 
production through sustainable means. Crop plants with better root traits are pre-
dicted to be the next main source of improvement in our agriculture (Hammer 
et al. 2009; White et al. 2013; Rogers and Benfey 2015). Progress has been made 
in understanding the biology of roots and root systems; however, most of this is 
knowledge pertaining to eudicot models, particularly Arabidopsis thaliana 
(reviewed by (Petricka et al. 2012)). While commonalities exist between monocot 
and eudicot root systems, important differences exist, which require investigation. 
Knowledge of the genetic networks that drive root growth and response to stress in 
monocot plants will ultimately help in generating crop plants with superior root 
systems that are better equipped to grow under resource-limiting agricultural 
conditions (Kong et al. 2014).

11.1.2  Significance of Panicoideae Grasses

Agronomically, members of the Panicoideae subfamily of grasses are particularly 
important. There are approximately 3300 species belonging to this subfamily (Grass 
Phylogeny Working Group (GPWG 2001)) with a truly global presence (Giussani 
et al. 2001). Many important feed, fodder, and fuel crops such as maize (Zea mays), 
sorghum (Sorghum bicolor), foxtail millet (Setaria italica), common millet 
(Panicum miliaceum), pearl millet (Pennisetum glaucum), sugarcane (Saccharum 
officinarum), Miscanthus (Miscanthus giganteus), and switchgrass (Panicum virga-
tum) are all members of this clade. Many of these plants exhibit traits that will be 
vital in a world facing critical challenges on several fronts including global warm-
ing, water scarcity, and degradation of arable lands. For example, crops such as 
sorghum and millet are capable of growing in arid and semiarid environmental con-
ditions often found in the most economically challenged parts of the globe (Pray 
and Nagarajan 2002). Miscanthus and switchgrass are fast growing plants capable 
of cultivation on marginal lands and may assist in supporting the ever-increasing 
energy demands of the world through biofuel production (Lewandowski et al. 2003; 
Khanna et al. 2008). As an added advantage, many of the agronomically important 
Panicoideae grasses have evolved a C4 photosynthesis system, which is more effi-
cient at converting solar energy to biomass owing to their ability to concentrate CO2 
and reduce photorespiration, thus improving agricultural productivity (Giussani 
et al. 2001; Zhu et al. 2008; Osborne et al. 2014).
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11.1.3  Comparisons Between Eudicot and Grass Root Systems

There are distinct differences between eudicot and grass root system both in terms of 
root system structure and internal cellular organization. One of the key differences 
between these two root systems is the presence of additional root types in monocots 
such as the crown/nodal roots (Fig. 11.1a–c; Table 11.1). These shoot- borne roots 
together with associated lateral roots form the bulk (90–95 %) of the adult plant root 
system commonly referred to as a fibrous root system (Metcalfe and Nelson 1985; 
Hoppe et al. 1986; Hochholdinger et al. 2004a). In contrast, shoot- borne roots are 

Fig. 11.1 Setaria viridis 
root system. (a, b) 
A diagrammatic 
representation of a eudicot 
(Arabidopsis) root system 
and a monocot (Setaria) 
root system. Embryonic 
root system is colored in 
yellow and blue represents 
shoot-borne postembryonic 
root system. (c) 
Luminescence-based image 
of S. viridis root system at 
17 days after sowing 
(DAS). Arrowhead 
indicates the crown region. 
(d) Setaria root system at 4 
DAP. Seedlings germinated 
on agar media. (e) Setaria 
root system at 7 DAP 
showing the emergence of 
a crown root from the 
coleoptilar node. Arrow 
head indicates crown root. 
(f) Luminescence-based 
image of S. viridis root 
system at 29 DAS. 
Arrowhead indicates the 
crown region. Scale bars: 
1 cm
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typically not a major root type in eudicot root systems, where the primary root and 
associated several orders of lateral roots constitute the majority of the root system 
(referred to as a taproot system). The taproot system is adapted to grow deeply into 
the soil, while the fibrous root system is usually more shallow rooted and suited to 
exhaustive utilization of water and nutrients in the uppermost levels of the soil. There 
are also distinct differences in root anatomy between individual grass and dicot roots. 
There is usually no vascular cambium (a type of lateral meristem) developed in the 
grass root stele, and therefore these roots exhibit no secondary growth, unlike many 
eudicot roots (Hochholdinger et al. 2004b; Scarpella and Meijer 2004). There are also 
differences in xylem vessels with regard to shape and number. The origin of lateral 
roots also differs; in eudicots they are formed from pericycle cells in all root types, 
whereas in grasses, cell divisions in both the pericycle and endodermis contribute to 

Table 11.1 Common root types in panicoid grass root systems

Root type
Site of 
emergence

Time of primordia 
initiation Root characteristics

Primary root Basal pole of 
embryo

Embryogenesis Continuation of the radicle. First root to 
emerge following seed germination

Seminal 
roots

Scutellar node Embryogenesis Emerge few days post seed germination. 
Exact number per seedling varies. Not 
every grass species form

Crown roots Shoot nodes 
(underground)

Post- 
embryogenesis

Shoot-borne roots form a major 
constituent of postembryonic root system 
in grasses. Exhibit heteroblasty

Brace roots Shoot nodes 
(aboveground)

Post- 
embryogenesis

Shoot-borne roots. Important in lodging 
resistance. Common in maize

Sett roots Shoot nodes 
(underground)

Post- 
embryogenesis

Highly branched, thin roots found in 
sugarcane. Crucial in the early 
establishment of the plant (sett)

Shoot roots Shoot nodes 
(underground)

Post- 
embryogenesis

Thick, less branched roots. Common in 
sugarcane where they gradually replace 
sett roots

Buttress 
roots

Shoot nodes 
(aboveground)

Post- 
embryogenesis

Thick roots common in Sorghum. 
Important in providing lodging resistance

Superficial 
roots

Shoot nodes 
(underground)

Post- 
embryogenesis

Highly branched, thin roots. Common in 
sugarcane. Usually, grow laterally near 
the soil surface

Rope roots Shoot nodes 
(underground)

Post- 
embryogenesis

Agglomerations of shoot roots grow 
vertically into deep soil. Important in 
nutrient acquisition and anchorage

Lateral roots Pericycle and 
endodermis 
cells of all 
roots

Post- 
embryogenesis

Roots formed from other roots. Exhibits a 
high degree of branching. Important in 
water and nutrients uptake

Adventitious 
roots

Mesocotyl Post- 
embryogenesis

Usually, not part of the normal root 
development program. Emerge 
commonly as a response to external 
stimuli
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lateral root formation (Hochholdinger and Zimmermann 2009; Orman-Ligeza et al. 
2013). At a larger scale of organization, however, there are similarities between grass 
and eudicot roots. In both groups, the root apical meristem, which harbors a stem cell 
niche at the apex sustains continued root growth by the iterative processes of cell divi-
sion, followed by cell elongation and differentiation (Bennett and Scheres 2010; 
Sebastian and Lee 2013). There are two pools of stem cells present at the stem cell 
niche, the proximal stem cells or vascular initials, (progenitors of vascular tissue) and 
the distal stem cells or the collumella initials (progenitors of root cap tissue). These 
stem cells encompass a mitotically inactive group of cells referred to as the quiescent 
center (QC). Longitudinally, based on cell length, each grass or eudicot root type can 
be subdivided, starting from the root apex, into three sequentially arranged develop-
mental zones: meristematic, elongation, and differentiation/maturation.

Crown roots emerge from the shoot nodes in a sequential manner beginning from 
the lower nodes at the shoot base (Onderdonk and Ketcheson 1972). These nodes are 
collectively referred to as the seedling crown. Although the overall structure and func-
tion of different root types in the root system are similar, there is evidence suggesting 
differences in their biology and responses to external cues (reviewed by (Bellini et al. 
2014)). Many studies have reported that the primary, crown, and lateral roots often 
respond differently to soil/environmental conditions. For example, phosphorus defi-
ciency in rice promotes primary and crown root elongation, while it suppresses lateral 
root growth (Zhou et al. 2008; Hu et al. 2011; Dai et al. 2012). This is in contrast to 
most other plants where phosphorus deficiency stimulates both lateral and adventitious 
root growth while suppressing primary root elongation (Bellini et al. 2014). Similarly, 
adventitious and lateral root growth is found to be more sensitive to the stress hormone 
abscisic acid (ABA), while the primary root is less sensitive to ABA (Bellini et al. 
2014; De Smet et al. 2003; Duan et al. 2013). Moreover, there are mutants isolated in 
maize and other species that affect only a particular root type, further highlighting their 
underlying differences (Hochholdinger et al. 2004b; Bellini et al. 2014).

As mentioned above, most of our understanding of root biology is from Arabidopsis. 
However, Arabidopsis does not develop an extensive shoot-borne root system as grasses 
do. Thus, though useful, it is difficult to fully extend knowledge from Arabidopsis to 
grass species. Therefore, to elucidate grass root biology, it is imperative to develop 
model systems in the grasses.

11.2  Root Systems in Panicoideae Grasses

The high rate of productivity observed in grasses is, in part, due to their elaborate 
root systems, which are well adapted for exploring and extracting soil resources and 
water (Lynch 1995; Aiken and Smucker 1996). Therefore, improvements in our abil-
ity to grow panicoid grasses in agriculture will likely require a better understanding 
of their root systems; but which model will provide the greatest insight? Over the 
years, considerable efforts have been made to develop rice as a genetic model sys-
tem, and this has contributed significantly to our understanding of grass root biology 
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(Itoh et al. 2005; Coudert et al. 2010). However, although the overall root system 
architecture is similar between rice and panicoid grasses, there is a limit as to how 
much knowledge we can transfer between the two. Rice is adapted to growth in 
flooded paddies where hypoxia is an important stress whereas the panicoid grasses 
are mostly habituated to arid/semiarid soil conditions where water deficit is more 
likely to be encountered. Moreover, there may be variations in root system growth 
dynamics due to the differences in C3 (rice) versus C4 (many panicoid grasses) pho-
tosynthesis. Thus, it is logical to explore the root system of panicoid grasses to get a 
clearer picture of their growth dynamics, stress responses, and underlying genetic 
regulatory networks. We will next provide a comparative description of root system 
characteristics in four different panicoid grasses. Although there is an underlying 
commonality that involves similarity in root system structure, function, and develop-
ment, there are distinct root system features unique to each of these grasses. Most of 
the features illustrated below are species-specific root system adaptations acquired in 
order to optimize growth and survival in different ecological niches.

11.2.1  Root System Development in Maize

Most of our understanding of root system structure and development in panicoid 
grasses is from studies of maize. The maize root system can be broadly categorized as 
embryonic or postembryonic based on the time of root emergence (Hochholdinger 
et al. 2004b; Feldman 1994; Hochholdinger 2009). Embryonic roots are those that 
form during embryogenesis through seed germination phases and include a single pri-
mary root and seminal roots. Unlike in eudicots, the primary root is formed endoge-
nously from the basal pole of the embryo and thus must penetrate through the embryonic 
tissues before its emergence near the tip end of the kernel (Hochholdinger et al. 2004b; 
Feldman 1994). This internal origin of the primary root is a characteristic feature of 
monocotyledonous plants belonging to the true grass family Poaceae/Gramineae 
(Hochholdinger 2009). However, the significance of this internal origin is not obvious 
compared to the site of origin for the eudicot primary root, which is patterned from the 
outer tissue layers of the embryo (Bennett and Scheres 2010). A varying number of 
seminal roots are a distinguishing feature of the maize embryonic root system. These 
are roots formed endogenously from the scutellar node (region of the embryo between 
the primary root and young shoot) during embryogenesis after the primary root emerges 
(Feldman 1994). The number of seminal roots can vary widely among different genetic 
backgrounds, ranging from 0 to 13 per seedling (Feldman 1994; Hochholdinger 2009; 
Kiesselbach 1949). During the seed germination phase, most of the energy requirement 
is met by the kernel’s nutrient reserves. However, the embryonic root system is crucial 
in water uptake and any damage to the root system can adversely affect seedling growth 
and development (Nielsen 2012). In maize, embryonic roots generally form the major-
ity of the rootstock up to 2 weeks post-germination. Subsequently, nodal roots take 
over as the major constituent of the root system and, together with lateral roots, form 
the bulk of the adult plant root system (Hoppe et al. 1986).
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Nodal roots and lateral roots constitute the postembryonic root system in 
maize. There are two classes of nodal roots in maize, the crown roots formed 
below ground and the brace roots formed aboveground. Both classes of shoot-
borne roots are initiated in whorls around the stem (Hoppe et al. 1986). An aver-
age plant produces six whorls of crown roots and two to three whorls of brace 
roots, giving rise to approximately 70 nodal roots in total during its life cycle 
(Hoppe et al. 1986). These roots develop from primordia that originate from 
ground tissue cells (root cortical cells) opposite to collateral vascular bundles 
(Martin and Harris 1976). In addition to water and nutrient uptake, they also pro-
vide lodging resistance. Lateral roots are those roots formed from other root types 
(originate from primordia formed from pericycle and endodermis cells) and 
appear as branches of the main root (thus, also referred as branch roots) from 
which they originate. These roots are distinguishable from other root types by 
their relatively short lengths and often determinate apical meristems (Varney and 
McCully 1991). There can be several orders of lateral roots present in a root sys-
tem, with the first series of lateral roots termed secondary roots, those borne from 
them termed tertiary roots, and so forth (Lynch 1995; Esau 1977). Lateral roots 
greatly increase the absorptive surface area of the root system and act as the main 
route for water and nutrient uptake (McCully and Canny 1988; Varney and Canny 
1993; Postma et al. 2014b).

Different maize root types show comparable radial and longitudinal organiza-
tion (reviewed by (Hochholdinger 2009)). Radially, root cells are organized in a 
concentric ring of layers starting from the outermost epidermis to the inner vascu-
lar tissue or stele (Hochholdinger et al. 2004b). A single layer of cells constitutes 
the epidermis. There are two kinds of cells in the epidermis, the root hair-forming 
trichoblasts and the atrichoblasts that do not form root hairs (Row and Reeder 
1957). The ground tissue follows the epidermis and usually contains eight to 15 
layers of cortex and a single layer of endodermis characterized by Casparian strips, 
which are localized lignified thickenings of the secondary cell wall along the 
medial plane of cells in this tissue (Hochholdinger 2009). The endodermis sepa-
rates the inner vasculature from the outer root tissues and functions as a barrier to 
the radial flow of nutrients and water between the vascular cylinder and the outside 
environment (Dinneny 2014; Robbins et al. 2014). In the mature parts of the root, 
the outermost cortical cell layer known as the exodermis transforms into an addi-
tional barrier layer with a lignified and suberized cell wall and Casparian strips 
(Feldman 1994; Hose 2001). The innermost vascular tissue is composed of xylem 
and phloem cells and encircled by a layer of pericycle cells. A mature maize root 
shows a polyarch organization with a central protostele and many xylem arms 
(Kiesselbach 1949). The number of xylem vessels varies between root types, for 
example, when the primary root shows six to ten metaxylem vessels, a nodal root 
from a higher node may contain up to 48 metaxylem vessels (reviewed by 
(Hochholdinger 2009)). Phloem strands, which conduct photosynthates, are pres-
ent in between the xylem vessels (Feldman 1994).

Longitudinally, the maize root can be divided into different zones 
(Hochholdinger 2009). Starting at the distal end is the root cap composed of up to 

11 Setaria Root System



184

10,000 cells (Feldman 1994; Ishikawa and Evans 1993). The root cap cells are 
involved in a multitude of processes including sensing gravity and moisture 
(Feldman 1994; Ishikawa and Evans 1993). They also facilitate penetration of the 
root tip through the soil by secreting mucilage and acting as a cover to protect the 
meristematic region while the root grows. Proximal to the root cap is the QC 
composed of approximately 800–1200 cells (Jiang et al. 2003). Proximal to the 
QC are the rapidly dividing proximal meristem cells and their initials 
(Hochholdinger et al. 2004b). After several rounds of rapid cell division in the 
meristematic region, cells enter the elongation zone and undergo anisotropic 
expansion before they move into the next differentiation/maturation zone, charac-
terized by the presence of root hairs, where cells of all tissues attain final shape 
and function (Ishikawa and Evans 1993).

11.2.2  Root System Development in Switchgrass

Switchgrass, a perennial grass from the prairies of North America, has recently 
emerged as a frontrunner for the development of lignocellulosic biofuel crops 
(Lee 2006; Monti 2012). The embryonic root system consists of a primary root 
(Newman and Moser 1988). As the seedling develops, additional postembryonic 
roots emerge. Crown roots form on the lower stem nodes and several orders of 
lateral roots together form the bulk of the adult rootstock (Metcalfe and Nelson 
1985). Switchgrass root systems show an exponential growth spurt in the initial 
3 weeks of seedling growth and later gradually slow down (Dalrymple and 
Dwyer 1967). This active growth phase is thought to be critical for the successful 
growth and establishment of switchgrass (Zegada-Lizarazu et al. 2010). Another 
feature of the switchgrass root system is its ability to store nutrient resources in 
the long-lived root system and rhizomes (underground stems). Switchgrass can 
mobilize nutrient resources such as carbohydrates and nitrogen from the shoot 
system to the root system and vice versa depending on the growth season 
(Zegada-Lizarazu et al. 2010; Vogel 2004; Lemus et al. 2008, 2009; Wayman 
et al. 2014). This feature could be one of the reasons why switchgrass plants can 
grow on marginal lands but still maintain productivity (Parrish and Fike 2005). 
It has been noted that in mature switchgrass plants the upper 1-m of soil contains 
the bulk of the root system although the roots have been documented to reach a 
depth of 3 m or more (Ma et al. 2000).

11.2.3  Root System Development in Sugarcane

Contrary to most other members of the Panicoideae grass family, sugarcane is com-
monly propagated asexually using pieces of the stem referred to as sett. Hence, the 
whole root system is postembryonic in origin consisting of shoot-borne sett roots, 
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shoot roots, and associated lateral roots (Smith et al. 2005). The first batch of roots 
formed is the sett roots, usually appearing within 24 h after planting the sett 
(Venkatraman and Thomas 1922; van Dillewijn 1922; Glover 1967). These fine 
roots are characterized by their high degree of branching and substitute for embry-
onic roots in the establishment of the new plant. However, as the plant becomes 
mature, sett roots gradually disappear (Glover 1967). After about a week post- 
planting, a new root type starts emerging from the sett base referred to as shoot 
roots (van Dillewijn 1922; Glover 1967). Shoot roots are thicker and grow more 
rapidly than sett roots and are the major root type in the sugarcane root system 
(Smith et al. 2005; van Dillewijn 1922; Glover 1967). Broadly, shoot roots can be 
categorized into three functional types: (1) Buttress roots are the first group of shoot 
roots produced, show relatively little branching and are critical in anchorage (ini-
tially growing outwards and then downwards into the soil) of the plant (Evans 
1935), (2) Superficial roots are finer, highly branched roots produced from higher 
nodes above the stem base and are key players in water and nutrient uptake, (3) 
Rope roots are agglomerations of vertical roots that grow vertically into deep soil 
(often at depths of more than 6 m) and aid in extracting water from deep underwater 
reserves (Smith et al. 2005; Evans 1936). It has been reported that in modern sug-
arcane cultivars, the overall root system structure appears to be slightly different, 
for example, the rope roots are less prominent (Moore 1987). Sugarcane root sys-
tems are distinct in their high degree of plasticity, root length density, and distribu-
tion pattern in soil (more deeply distributed) from other crops (Smith et al. 2005; 
Blackburn 1984; Jackson et al. 1996). As with other grasses, the sugarcane root-to-
shoot ratio is at its highest during early stages of plant growth and later on gradually 
declines as the plant matures (Smith et al. 2005).

11.2.4  Root System Development in Sorghum

In Sorghum, the embryonic root system consists of a single primary root produced 
from the base of the embryo (Singh et al. 2010). The primary root functions through-
out the plant life cycle, and, although similar to other grass species, its role is highly 
diminished after the onset of the postembryonic root system (Ernst 1948). About 1 
week after germination, lateral roots start forming and subsequently, at the 4–5 leaf 
stage, the crown roots develop, which, together, form the postembryonic root sys-
tem. As the plant grows, crown/nodal roots develop at regular intervals from sequen-
tial nodes beginning at the stem base throughout the life cycle (Singh et al. 2010). 
Nodal roots emerging from higher nodes (above ground) appear thicker and show a 
more vertical angle with respect to gravity than their counterparts from lower nodes. 
These roots are commonly referred to as buttress roots and once they enter the soil 
show a reduction in root diameter (Ernst 1948). It has been reported that, on average, 
Sorghum plants produce twice as many lateral roots as maize at any given stage of 
development and is thought to be a contributing factor for this species’ high drought 
tolerance (Miller 1916).
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11.3  Setaria as a Model for Panicoid Grass Root Systems

11.3.1  Setaria viridis: A Grass Genetic Model System

Though there are reports describing the morphological characteristics and gene mutants 
affecting root type development in a few of the panicoid grasses, detailed analyses to 
dissect the underlying genetic regulatory networks that govern various aspects of root 
system dynamics/development such as cell-fate decisions and patterning steps are still 
missing (Bellini et al. 2014; Hochholdinger and Zimmermann 2008; Marcon et al. 
2013). This is primarily due to the difficulties in systematically growing and studying 
these plants due to constraints such as large size, complex genetic makeup, lack of 
molecular biology tools, long life cycle, and general difficulty of studying root traits in 
soil. Availability of large numbers of gene mutants and other genetic resources (reporter 
lines, techniques to alter gene functions, etc.) are essential to characterizing the under-
lying molecular mechanisms regulating root growth and development in any plant sys-
tem. In this context, a panicoid grass model species with all the ideal characteristics 
that one would expect for a genetic model system is of particular significance.

Recently, Setaria viridis has emerged as a potential genetic model system to study 
the panicoid subfamily of grasses. It has a relatively small sequenced genome, short life 
cycle, robust seed production, ease of growth under controlled conditions, and is trans-
formable (Doust et al. 2009; Brutnell et al. 2010; Van Eck and Swartwood 2015). A 
method to break the long dormancy of freshly harvested seeds (often up to 4 months) 
has also been described by our group, thus enabling the full utilization of the rapid life 
cycle trait (Sebastian et al. 2014). In addition, genetic tools and resources are currently 
being developed in various labs across the world. As an added advantage, S. viridis is 
closely related to foxtail millet (S. italica) and the two species are intercrossable making 
it feasible to explore crop domestication with this system. Thus, Setaria offers tremen-
dous potential in improving our understanding of root biology in this economically 
important group of plants.

11.3.2  Root System Development in Setaria

Setaria viridis seeds germinate quickly and the primary root often becomes visible 
24 h after imbibition on gel-based media (half-strength MS media, 0.5 % sucrose 
with 0.6 % Gelrite at 29 °C). The embryonic root system comprises a single pri-
mary root emerging from the basal pole of the embryo (Fig. 11.1d). Although 
occasionally some seedlings produce 1–2 seminal roots, they are mostly absent in 
Setaria. Around 3–4 days after planting (DAP), lateral roots start to emerge from 
the primary root (Fig. 11.1d). From seed germination to the emergence of crown 
roots, the sole primary root and associated lateral roots sustain seedling growth. 
The first crown roots emerge from the coleoptilar node (first shoot node) around 
6–9 DAP and together with lateral roots make up the postembryonic root system in 
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Setaria (Fig. 11.1e and f). Both primary and crown roots can form several orders of 
lateral roots as the plant grows (Fig. 11.1c and f). Nadeau and Morrison reported 
that Setaria roots penetrate soil to a depth of nearly 60 cm with the highest concen-
tration of roots at a depth of around 20–30 cm based on their field experiments 
(Nadeau and Morrison 1986). As with many other grasses, root system develop-
ment in Setaria appears to be correlated with the production of leaves and tillers 
(Watt et al. 2009). For example, the first crown root usually appears when the plant 
is at the 3-leaf stage.

The primary root is separated from the crown and aerial tissues by the mesocotyl, 
an internode connecting the scutellar and coleoptilar nodes (Hoshikawa 1969). We 
have observed that the mesocotyl is more prominent in seeds that are germinated in 
soil compare to those seedlings that are germinated on tissue culture plates. This 
appears to be an adaptation to place the coleoptile at or near the soil surface irre-
spective of the seed planting depth. The mesocotyl can often produce adventitious 
roots, especially in soil-grown plants. It is remarkable to note that when the shoot 
system is just a few centimeters in length, the root system can be over three times as 
large in size; thus demonstrating the incredible rates of root growth these plants are 
capable of (data not shown). In Setaria, crown roots and lateral roots that are pro-
duced from a single plant at different time points often show variations in thickness, 
a phenomenon known as heteroblasty (Hou and Hill 2002; Zotz et al. 2011).

11.3.3  Cellular Organization of Setaria viridis Roots

In seedlings that are germinated on tissue culture plates, the primary root is around 
200–250 μm in diameter. It has a highly organized and radially symmetric cellular 
structure similar to other grass species (Fig. 11.2a–d). Longitudinally, the Setaria 
primary root can be subdivided into meristematic, elongation, and differentiation/
maturation zones. The meristematic zone is characterized by rapidly proliferating 
meristematic cells. As the root grows, these cells are gradually displaced into the 
adjacent elongation zone, where they continue to elongate. The meristematic zone 
also harbors the stem cell niche and the QC. Further work is required to clearly iden-
tify the number of QC cells and the organization of the stem cell niche in Setaria 
roots. The apex of the meristematic zone is covered by the root cap containing >ten 
layers of collumella/calyptrogen cells (data not shown). Proximal to the elongation 
zone is the zone of differentiation/maturation, where the cells finally attain their pre-
determined shape, size, and cell fate and constitute the different tissue types of the 
root. Epidermal cells in the differentiation zone form root hairs; unicellular exten-
sions of the epidermis which functions in the absorption of nutrients and water by 
increasing the overall root surface area (reviewed by (Mendrinna and Persson 2015)).

In the Setaria primary root, cells are arranged in a concentric ring of layers 
starting from the outermost epidermis (Fig. 11.2b and d). Three layers of cortical 
tissue develop interior to the epidermis with the outermost layer giving rise to the 
presumptive exodermis. A single layer of endodermis separates the cortex from 
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the vasculature. The innermost stele, which encompasses the xylem and phloem 
tissues, is encircled by a layer of pericycle cells (Fig. 11.2b and d). As in other 
panicoid grasses, the Setaria primary root stele has a polyarch organization, with 
varying numbers of central metaxylem (or late metaxylem) strands. Soon after 
emergence, roots have only a single central metaxylem strand, but as the root 

Fig. 11.2 Cellular organization of Setaria viridis roots. (a, b) False-colored longitudinal (a) and 
radial (b) cross-section images of a Setaria root tip showing cell/tissue organization. Various colors 
indicate different cell/tissue types. (c, e, g) Longitudinal optical cross-sections of mPS-PI stained 
Setaria primary (c), crown (e), and lateral (g) roots. (d, f, h) Radial cross-section images of Setaria 
primary (d), crown (f), and lateral (h) roots obtained through thin sectioning. Scale bars: 55 μm
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matures, it may contain four or more strands. Surrounding these central xylem 
strands are the peripheral xylem strands. Depending on the age of the root, their 
number can also vary. At 4 DAP, the primary root has one central metaxylem 
strand and five to six peripheral xylem strands. Compared to the central xylem ele-
ments, the peripheral xylem elements are smaller in diameter (Fig. 11.2b and d). 
Phloem elements are found in between these peripheral xylem strands. As a char-
acteristic feature of grass roots, the parenchymatous cells that are present between 
the xylem and phloem strands remain as such rather than differentiating into 
 vascular cambium.

In Setaria, the crown roots are usually larger in diameter than the primary roots 
(250–300 μm) while lateral roots are the narrowest root type in the root system 
(100–150 μm in diameter). Anatomically, the crown roots and lateral roots are simi-
lar to the primary root (Fig. 11.2e–h); however, in certain instances, both crown and 
lateral roots show variation in the number of cortical cell layers (>two layers in 
crown roots and ≤2 in lateral roots).

11.4  Conclusions and Prospects

Although grasses have paramount importance to us both directly as a food source 
and indirectly as animal feed and a valuable source of sustainable clean energy, we 
are far behind in understanding their biology and growth mechanisms. This is espe-
cially true concerning grass root biology, which is particularly understudied and is 
paradoxically an area likely to hold potential for improvements in the overall pro-
ductivity of our agriculture systems. This is largely due to the drawbacks grasses 
possess as model systems amenable to genetic studies and manipulations. However, 
with the emergence of new model species such as Setaria viridis, the tools available 
to understand grass root biology may enable a more mechanistic and comprehensive 
understanding of the process. Development of genetic resources such as high- 
quality fully annotated genomes, availability of genetic mutants, tissue/cell-type 
reporters, capabilities to edit the genome using the CRISPR-Cas9 system (Ran et al. 
2013; Feng et al. 2013), and a rich and diverse germplasm collection with excellent 
SNP (single nucleotide polymorphism) data are all crucial in this pursuit. Creation 
of cell-type specific data sets that facilitate thorough characterization of molecular 
regulatory events at cellular resolution and novel methods to image the root system 
such as the recently developed GLO-Root imaging system (Rellán-Álvarez et al. 
2015), which allows visualization of the root system under physiologically relevant 
conditions, are also important in dissecting the intricacies of grass root biology and 
environmental responses.
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Chapter 12
The Effect of Photoperiod on Flowering Time, 
Plant Architecture, and Biomass in Setaria

Andrew N. Doust

Abstract The effect of photoperiods of 8 h (8:16 light:dark), 12 h (12:12), and 16 h 
(16:8) on flowering time, plant architecture, and biomass production were investigated 
in an RIL population derived from a cross between domesticated foxtail millet 
(Setaria italica) and its wild progenitor green foxtail (S. viridis). Flowering time, 
height, and biomass were found to be highly and positively correlated in all three 
photoperiod regimes. Branching, however, is weakly and variably associated with 
the other three traits. After the effects of variation in daily radiation and temperature 
were removed, ANOVA analyses of Photoperiod and RIL (genotype) found both 
factors and their interaction significant for all traits, with RIL and Photoperiod * 
RIL also explaining large amounts of variation. However, while Photoperiod by 
itself explained much of the variation in flowering time and in branching, it 
explained little of that for height and biomass. Regions were identified where all 
three trials identify QTL in the same genomic regions as well as QTL found in either 
the 8 and 12 h trials or the 12 and 16 h trials. This pattern may be evidence for 
differences in regulation between shorter and longer photoperiods. Comparison of 
QTL with previous greenhouse and field trials finds several overlapping QTL and 
multiple independent QTL. A well-supported QTL region on chromosome IV has 
been shown previously to contain a number of genes in the CONSTANS—FT pathway, 
and these results suggest that this pathway is conserved across photoperiods. Further 
genetic analysis of the multiple non-overlapping QTL regions between the photoperiod 
trials will be necessary to narrow down a list of candidate genes responsible for 
differences in flowering time and architecture between photoperiods.
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12.1  Introduction

The potential of Setaria as a model system is primarily based on its attributes for 
genetic analysis, particularly the small diploid genome, small physical stature, C4 
photosynthetic capability, transformability, and a growing list of genetic and 
genomic resources (Bennetzen et al. 2012; Doust et al. 2009; Li and Brutnell 2011). 
Although there are other model grasses, including rice (the first sequenced grass 
genome) and Brachypodium (a wild grass in the pooid clade related to wheat, barley, 
and rye), Setaria has the advantage of being a C4 grass in the panicoid clade, close 
to maize, sorghum, switchgrass, and pearl millet. In addition, there is substantial 
genetic and phenotypic differentiation amongst wild populations of green foxtail (S. 
viridis) as well as genetic changes associated with domestication in its domesticated 
variant, foxtail millet (S. italica). The potential of Setaria to be a new model system 
is especially significant because there is a high efficiency callus transformation 
system (Van Eck and Swartwood 2015) (Chap. 20), as well as recent reports on the 
success of spike dip transformation with Agrobacterium, which is the first for any 
grass system (Saha and Blumwald 2016) (Chap. 21).

The use of Setaria as a model for biofuel grasses has prompted interest in the 
genetic regulation of, and correlation between, traits such as flowering time, plant 
architecture, and biomass (Mauro-Herrera and Doust 2016; Mauro-Herrera et al. 
2013; Doust et al. 2004). The wide latitudinal spread of S. viridis from high to 
subtropical latitudes in both hemispheres suggests that changes in photoperiod may 
have significant effects on these traits. In addition, Setaria appears to differ from 
other model grass systems in that the center of diversity of green foxtail and the 
domestication of foxtail millet from green foxtail appears to have occurred at a 
relatively high latitude (Jia et al. 2013) (Chaps 2, 3, and 4), raising the possibility 
that photoperiodic control of flowering in Setaria may not conform to the model that 
has emerged from rice, a species that evolved and was domesticated in the tropics 
(Vaughan et al. 2008). Photoperiodic control of flowering in pooid crops, such as 
wheat, barley, and the model species Brachypodium, differs from that in Setaria, 
because they require a vernalization response to achieve competency to flower 
(Higgins et al. 2010), a strategy not known in Setaria or other panicoid grasses.

In this chapter, the response of Setaria to changes in photoperiod is explored, 
using a recombinant inbred line (RIL) population derived from a cross between 
domesticated foxtail millet (Setaria italica) and its wild progenitor green foxtail (S. 
viridis) (Bennetzen et al. 2012). Much of what is known about the response of 
grasses to differences in photoperiod is from studies in rice, where there are two 
photoperiod-dependent pathways; one of these is homologous to that found in 
Arabidopsis and other land plants, while the other appears to be confined to grasses 
(Mauro-Herrera et al. 2013). The first pathway involves the key regulator 
CONSTANS, which positively regulates FT in Arabidopsis but whose ortholog, 
HD1, in rice negatively regulates the FT co-orthologs, HD3A and RFT1, active 
under short-day and long-day conditions, respectively (Hayama et al. 2003; Izawa 
et al. 2002; Song et al. 2010; Komiya et al. 2009). It is not known whether Setaria 
exhibits a long and short day signaling pathway in the same way that rice does, 
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although there are three co-orthologs of FT in the Setaria genome (Bennetzen et al. 
2012). In contrast to rice, the functional FT homolog in maize (ZCN8) and its equivalent 
in sorghum are in a different clade of PEBP proteins (Lazakis et al. 2011; Meng 
et al. 2011; Wolabu et al. 2016). RNA-seq and qRT-PCR data from S. viridis 
(unpublished) suggests that one of the Setaria co-orthologs of FT as well as a Setaria 
homolog of ZCN8 are expressed at the same time during the transition of the vegetative 
shoot apical meristem to an inflorescence meristem.

The second photoperiod-controlled flowering time pathway identified in rice involves 
the negative regulators GHD7 and EHD1, which work together to precisely determine 
the length of photoperiod that will induce flowering. Homologs of these two genes have 
been identified as involved in flowering time regulation in maize and sorghum, 
suggesting that the GHD7-EHD1 pathway is a grass-specific flowering time pathway 
(Hung et al. 2012; Murphy et al. 2011, 2014; Yang et al. 2014). Orthologs of GHD7 and 
EHD1 have been identified in the Setaria genome but not functionally tested.

The effect of photoperiod on traits that interact with flowering time, such as biomass 
accumulation and plant architecture, have been little studied in most panicoid 
grasses. However, information on the effect of photoperiod on plant growth is 
important for Setaria as a model system because it has not been selected for photo-
period insensitivity, unlike modern cultivars of maize and sorghum. A common 
growth chamber strategy is to grow it under a 12:12 h light:dark photoperiod regime, 
as will be seen in other investigations presented in this book (Chaps 10, 11, 13, 14, 
18–21). Such a strategy minimizes the effect of environmental variation on phenotype 
and encourages rapid flowering and fast cycling of generations—important criteria 
for a model system. However, field grown S. viridis and S. italica are rarely grown 
under less than 14 h light, and may be grown in as much as 16 h light in higher 
latitudes. In photoperiod-sensitive plants, such as Setaria, these differences might 
be expected to produce differences in both flowering time and plant growth traits.

To investigate these questions, we have grown a RIL population derived from a 
cross between Setaria italica (foxtail millet) and S. viridis (green millet) in three 
different photoperiod regimes (8:16, 12:12, and 16:8 h light:dark), while minimizing 
variation in other environmental variables. We report here on a QTL analysis of 
variation in flowering time, plant architecture, and biomass under these photoperiod 
regimes and compare results with previously published analyses using the same RIL 
population in greenhouse and field environments (Mauro-Herrera and Doust 2016; 
Mauro-Herrera et al. 2013).

12.2  Materials and Methods

12.2.1  Plant Materials, Experimental Design, and Phenotyping

A total of 182 F7 RILs from an interspecific cross between S. italica accession 
B100 × S. viridis accession A10 (Bennetzen et al. 2012) were evaluated for flowering 
time, plant height, total branching, and biomass at flowering in a walk-in growth 
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chamber at Oklahoma State University (Stillwater, OK). Three trials were undertaken, 
at photoperiod ratios (light:dark) of 8:16, 12:12, and 16:8. The chamber was kept at 
30 % humidity and day and night temperatures were 28 and 22 °C, respectively. Two 
other variables, besides photoperiod duration, varied between trials. These were 
amount of daily radiation received (directly related to photoperiod duration) and 
temperature (as the combination of different day lengths and the difference in day and 
night temperatures led to differences in the average temperature of each trial). The 
effects of daily radiation and temperature cannot be separated in this study, and their 
values were 8.64 E (Einstein = mol m−2 s−1) and 24 °C in the 8 h trial, 12.96 E and 
25 °C in the 12 h trial, and 17.28 E and 26 °C in the 16 h trial. Illumination from full 
spectrum fluorescent tubes averaged 300 μmol m−2 s−1. Three replicate pots of each 
RIL were grown in each experiment, with each pot having a single plant. Pots were 
randomized, and plants were spaced 8.5 cm apart. Pot volume was approximately 
215 cm3, and pots were filled with Metro-Mix 366 (Sun Gro Horticulture Canada 
Ltd). Plants were irrigated as needed with an aqueous complete fertilizer mix (Jack’s 
mix: Nitrogen, Phosphorous and Potassium (20-20- 20), JR Peters, PA).

12.2.2  Phenotypic Measurement

We used days to heading as the measurement of flowering, with plants recorded as 
flowering when the inflorescence on the main culm was first visible in the sheath of 
the flag leaf (Mauro-Herrera et al. 2013). Culm height (height of the main stem of the 
grass plant) was measured from the base of the plant to the ligule (leaf collar) of the 
flag leaf on the main culm. Total branches comprised both tillers (at base of plant) and 
any aerial branches. Total aboveground biomass was measured by drying whole plants 
for at least 1–2 weeks in a plant drier, and then weighing after removing the roots.

12.2.3  Statistical Analyses

Traits were tested for normality and transformed where appropriate. Relationships 
between traits were explored by bivariate Pearson phenotypic correlations, using 
both original variables (transformed where necessary) and with effect of RIL 
removed (by using the residuals obtained from an ANOVA for each trait with RIL 
as the independent variable). Boxplots of each parent and for the combined RIL 
population were made for each trait. Trait differences between photoperiods were 
analyzed using ANOVA. Because it is likely that days to flowering is affected by 
both photoperiod (measured by a plant as the length of darkness in each 24 h period) 
and carbon gain (directly related to hours of light and temperature), trait values 
were first regressed against the total amount of illumination each plant received 
until flowering, and residuals used in the ANOVA analyses. The model fitted for all 
ANOVA analyses consisted of two factors, Photoperiod (fixed) and RIL (random). 
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Partial eta squared values were calculated to estimate proportion of trait variance 
explained by each factor or interaction. All analyses were performed with SPSS 
version 21 (IBM SPSS, Armonk, NY).

12.2.4  QTL Analyses

For QTL analyses, we used the previously published 684 marker genetic map 
(Mauro-Herrera et al. 2013). QTL Cartographer Unix version 1.16 (Basten et al. 
1994, 2002) was used for QTL analyses with the composite interval mapping (CIM) 
method, a genome scan interval of 1 cm, a window size of 10, and the forward and 
backward regression method (Jansen and Stam 1994; Zeng 1994). QTL analyses 
were conducted for each trait in each photoperiod trial, as well as a joint analysis for 
each trait across all three trials. The joint analysis measured both main effect QTL 
detected across trials as well as QTL that had a significant genotype by trial interaction. 
LOD threshold values were estimated via 1000 permutations (Churchill and Doerge 
1994; Doerge and Churchill 1996). Comparisons amongst the growth chamber 
trials and between growth chamber and previous greenhouse and field trials were 
conducted by comparing overlap between QTLs for each trait, especially with 
respect to the position of the maximum LOD values.

12.3  Results

12.3.1  Phenotypic Variation

Trait distributions were tested for normality, and biomass and branch number were 
square root transformed to improve the normality of their distributions. Transformed 
trait values were used for these two traits in subsequent analyses.

In all three trials, S. viridis flowered before S. italica, with most of the RILs flowering 
at intermediate times (Fig. 12.1). Flowering time in the RILs was skewed towards 
that of the earlier flowering S. viridis plants. Flowering time of the S. italica plants 
was especially long and variable in the 16 h trial (Fig. 12.1). There was little trans-
gressive segregation for flowering time. S. viridis plants were shorter than S. italica 
plants at flowering, and the RILs in general had plant heights skewed towards S. 
viridis (Fig. 12.1). However, there was substantial transgressive segregation for 
height in the RIL population at all photoperiods, with greatest transgressive segregation 
in the 16 h trial. Transgressive variation was also seen for total branch number in all 
trials, and the S. viridis parent always had more branches than the S. italica parent 
(Fig. 12.1). In the 8 and 12 h trials, the S. italica plants did not produce any tillers or 
aerial branches at all. Setaria viridis always had less biomass than S. italica, and the 
biomass of the RIL lines was skewed towards S. viridis (Fig. 12.1). There was some 
transgressive segregation for biomass, especially in the 16 h trial.
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Height, branching, and biomass showed a generally positive response to increasing 
length of photoperiod, for both parents and RILs. The same was not true for flowering 
time, where the 12 h trial exhibited the shortest flowering times, followed by the 8 h 
and then the 16 h.

The phenotypic traits in each individual trial showed high positive correlations 
between flowering time, height, and biomass (Table 12.1); the correlations were 
also found when the effect of RIL (genotype) was removed. The relationship 
between branching and the other three variables was less consistent although in all 
but one comparison the relationship between height and branching was significantly 
negative. The correlation between branching and flowering time varied from trial to 

Fig. 12.1 Boxplots of trait values for each trait in each of the three photoperiod regimes. All box-
plots show the distribution for each parent and for the RIL population (Sv = S. viridis, Si = S. ital-
ica, R = RIL population)
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trial, both with and without the effect of genotype (RIL) (Table 12.1). Correlations 
of total amount of light received with each of the traits were significant and positive 
and explained 56 % of the variation in flowering time, 48 % in height, 78 % in 
biomass, but only 2 % in branching.

The effect of photoperiod on each of the four traits was analyzed in the parents 
of the population by ANOVAs with and without the effect of total amount of 
illumination received. Setaria viridis was more sensitive to photoperiod changes 
than S. italica for both flowering time (S. viridis p<0.001, S. italica not 
significant) and branching (S. viridis p<0.001, S. italica p<0.05). Both S. viridis 
and S. italica had highly significant differences in height and biomass across 
photoperiods.

The effect of photoperiod and RIL genotype on each of the four traits was 
analyzed with ANOVAs using the residuals from a regression of the trait values 
against the total amount of illumination received. There were highly significant 
differences amongst both Photoperiod and RIL, and for the interaction between 
them. However, the amount of variation explained by each factor (partial eta squared 
values) and their interaction varied between traits (Table 12.2). RIL and Photoperiod 
* RIL explained large proportions of the variance for all traits, but Photoperiod by 
itself only explained large proportions of the variance for flowering time and for 

Table 12.1 Correlations between traits in each of the photoperiod trials

Trait values Residualsa

Photoperiod Trait
Culm 
height

Total 
branchesb Biomassb

Culm 
height

Total 
branchesb Biomassb

8 h Flowering 
time

++ ns ++ ++ + ++

8 h Culm height −− ++ ns ++

8 h Total 
branchesb

ns ++

12 h Flowering 
time

++ −− ++ ++ ns ++

12 h Culm height −− ++ −− ++

12 h Total 
branchesb

− ns

16 h Flowering 
time

++ ns ++ ++ ++ ++

16 h Culm height −− ++ −− ++

16 h Total 
branchesb

ns ++

aResiduals have the effect of genotype (RIL) removed
bThe values for these traits have been square root transformed
Positive significant correlations: + = P<0.05, ++ = P<0.01
Negative significant correlations: − = P<0.05, −− = P<0.01
Nonsignificant correlations = ns
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branching, and very little of the variation in height and biomass. This suggests that 
the main driver for height and biomass is carbon gain driven by the number of illu-
mination hours rather than photoperiod length.

12.3.2  QTL Analyses

Across all individual trials ten QTL regions for flowering were identified, with 
five QTL in both the 8 and 12 h trials, and three in the 16 h trial. Three of the 
genomic regions contained QTL from multiple trials, these being on chromosomes 
IV and VII (8 and 12 h), and on chromosome VIII (12 and 16 h) (Fig. 12.2). 
There were 11 joint main effect QTL and six GxE effect QTL, indicating that the 
control of flowering has a significant environmental component. Eight QTL 
regions identified in individual trials overlapped with either a main or GxE QTL 
of the joint analysis. However, four of the joint QTL did not align with any of 
the individual QTL.

Across all individual trials nine QTL regions for height were identified, with 
three in the 8 h, five in the 12 h, and five in the 16 h trial, with only three genomic 
regions where QTL maximum LOD positions overlapped. These were on 
chromosomes IV (8 and 12 h), V (12 and 16 h), and IX (all three trials). Six 
main effect and four GxE effect QTL were identified in the joint analysis, of 
which one on chromosome IV overlaps with the 8 and 12 h trials, one on 
chromosome V overlaps with the 12 h trial, and one on chromosome IX that 
overlaps with all three trials.

Across all individual trials 11 QTL regions for biomass were identified, with 
five in the 8 h trial, five in the 12 h, and six in the 16 h trial. Four genomic 
regions contained overlapping QTL from the individual trials, these were on 
chromosomes IV (8, 12, and 16 h), V (8 and 12 h), VIII (12 and 16 h), and IX 
(8 and 12 h). There were eight joint main effect and six GxE effect QTL, of 
which four overlapped with QTL from the individual trials, on chromosomes II, 
III, IV, and V.

Table 12.2 Partial eta squared values for the ANOVA using the residuals of the four traits (after 
removing the effect of total amount of illumination received), showing the degree to which each 
factor explains variation in the traits

Source factor Flowering time Height Biomass (sqrt) Branching (sqrt)

Photoperiod 0.68 0.07 0.13 0.38

RIL 0.61 0.69 0.6 0.73

Photoperiod * RIL 0.85 0.56 0.53 0.43

All factors were significant for all traits
Note: Because RIL is a random sampling of all possible genotypes it is treated as a random factor. 
Therefore, the mean square used as an error term for the Photoperiod and RIL comparisons is the 
mean square for Photoperiod * RIL, and that for Photoperiod * RIL is the error mean square
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Across all individual trials eight QTL regions for branching were identified, 
with five QTL in the 8 h trial, two in the 12 h, and three in the 16 h trial. QTL 
overlapped in two genomic regions, the 12 and 16 h on chromosome II and the 8 
and 16 h on chromosome III. There were seven joint main effect and two GxE effect 
QTL identified, of which five overlapped with individual trials. These were on 
chromosomes I (with 12 h), II (with 12 and 16 h), III (with 8 and 16 h), VII (with 
8 h), and IX (with 16 h).

QTL for flowering time, height, and biomass show a striking overlap, especially on 
chromosome IV. Generally speaking, approximately one third of the QTL positions 
identified across the three trials were found in more than one trial (Table 12.3). In all 
but three of these regions, a joint QTL was also found, the exceptions being height on 
chromosome V (12 and 16 h), biomass on chromosome V (8 and 12 h), and biomass 
on chromosome IX (8 and 12 h). There was a greater percentage of overlap between 
individual trial QTL and joint QTL, as would be expected considering that the data 
from each individual trial contributes to the joint analysis (Table 12.3).

Fig. 12.2 QTL map showing the distribution of QTL for each of the traits in each of the photope-
riod environments (8 h—dark blue, 12 h—ochre, 16 h—red, as well as joint main QTL calculated 
for each trait across the three environments (light blue) and QTL by environment effects (mauve 
bars, often nested within light blue joint main QTL). G (greenhouse) and F (field) refer to regions 
where QTL from greenhouse and field trials (Mauro-Herrera and Doust 2016; Mauro-Herrera et al. 
2013) overlap with QTL from this study
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12.3.3  Comparisons of Growth Chamber Trials with Previous 
Greenhouse and the Field Trials

QTL identified in the growth chamber trials were compared with those discovered in 
previous greenhouse and field trials (Mauro-Herrera et al. 2013, Mauro-Herrera and 
Doust 2016). The percentage of overlap of QTL between these different environ-
ments was similar to that between the individual growth chamber trials, and between 
greenhouse and field trials (Table 12.3). The region on chromosome IV that was 
significantly correlated with flowering time, height, and biomass in all three growth 
chamber photoperiod trials was also found for flowering time in the greenhouse and 
for branching in the field trial. Other QTL that were found in more than one growth 
chamber trial and in either or both of the greenhouse and field trials include those on 
chromosomes VII and VIII for flowering time. However, QTL from multiple trials 
for biomass on chromosome VIII and for branch number on chromosomes II and III 
in the growth chamber trials were not found in the greenhouse or field trials.

12.4  Discussion

Two main trends are seen in these trials. One is related to total amount of illumination 
received (although confounded with variation in average temperature) while the 
other is related to the duration of light and dark intervals. The correlations and 

Table 12.3 Average percentages of shared QTL between the different trials

Trait

Amongst growth 
chamber 
individual trialsa

QTL from 
individual trials 
that overlap 
with joint QTLb

QTL from 
greenhouse 
that overlap 
with growth 
chamber QTLc

QTL from field 
that overlap 
with growth 
chamber QTLd

Greenhouse 
versus fielde

Flowering 
time

3/10 7/12 2/8 1/5 4/9

Height 3/9 3/6 3/10 3/10 5/15

Biomass 4/11 3/7 3/12 2/10 5/17

Branching 2/8 5/7 3/10 2/5 1/14

Mean ± S.D. 0.31 ± 0.05 0.45 ± 0.12 0.28 ± 0.03 0.28 ± 0.10 0.28 ± 0.16
aNumerator is number of overlapping QTL between individual trials, denominator is total number 
of regions identified. Overlapping QTL can be in all three trials or in just two of the trials
bNumerator is number of overlapping QTL between individual trials and the joint analysis, denom-
inator is total number of regions identified in the joint analysis
cNumerator is number of overlapping QTL between greenhouse QTL and individual + joint growth 
chamber analyses, denominator is total number of individual + joint growth chamber QTL identified
dNumerator is number of overlapping QTL between field QTL and individual + joint growth chamber 
analyses, denominator is total number of individual + joint growth chamber QTL identified
eNumerator is number of overlapping QTL between greenhouse and field, denominator is total 
number of regions identified in greenhouse and field
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boxplots show that architectural and biomass traits have a positive response to 
increasing length of photoperiod, whereas the 12 h photoperiod regime gave the 
shortest flowering time, followed by the 8 h and then the 16 h regime. This may have 
been because the 12 h regime was the shortest viable photoperiod in terms of light 
quanta received for this C4 plant, and that 8 h light per day was simply not enough 
to allow flowering quickly. This is being tested in further experiments underway in 
our lab. The much longer time to flowering under the 16 h regime suggests that 
Setaria should be considered a facultative short day plant.

The positive response of height, branching and biomass to increasing photope-
riod most probably reflects both the increase in light (and temperature) received 
each day as well as the increase in number of days to flowering that allows plants to 
continue to grow for a longer time period. This relationship is supported by the find-
ing that flowering time is significantly correlated with height and biomass in all 
three trials, with or without the effect of genotype. When the effect of genotype is 
not considered, there is a significant positive correlation between flowering time and 
branch number in two of the three photoperiod regimes, but, when the effect of 
genotype is included, the relationship between branch number and flowering time is 
not significant, suggesting that different genotypes perform differently in different 
photoperiod regimes.

In the ANOVA analyses, we chose to concentrate on photoperiod and genotype 
(RIL), by eliminating confounding variation due to different levels of light intensity 
and/or temperature due to the different photoperiod lengths. ANOVA analyses of 
the four traits showed that Photoperiod, RIL, and Photoperiod * RIL explained sig-
nificant proportions of the variance of all four traits. Given the very different appear-
ance and time to maturity of the parents, it is not surprising that RIL was significant, 
but the analyses also show a significant interaction between Photoperiod and 
RIL. This suggests that the different RILs react differently to the different regimes, 
pointing to differences in sensitivity to photoperiod in the parents of the cross. 
Significant differences between trials for Photoperiod for all four traits indicates 
that the length of the day:night cycle affects flowering time and morphology irre-
spective of the amount of light received. However, this effect, while significant for 
all traits, explained most variation for flowering time, but only some for branching, 
and relatively little for biomass or height. Thus, biomass and height appear most 
affected by genotype and by amount of light received rather than by the day:night 
duration, pointing to the rate of carbon gain through photosynthesis as their main 
controlling factor.

The QTL analyses suggest a number of shared QTL regions along with multiple 
regions found only in individual trials that control flowering time, architecture, and 
biomass. Not surprisingly, QTL for flowering time, height, and biomass overlap in 
several regions, most notably on chromosome IV. There is less overlap with branching, 
reinforcing the conclusions of the ANOVA and correlation analyses that branching is 
controlled by a set of factors that are partially distinct from those for the other traits.

The major shared QTL region on chromosome IV has been shown to contain a 
number of genes involved in the photoperiod signaling pathway leading to flowering, 
including the Setaria orthologs of HD1 (CONSTANS) and several copies of FT 
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(Mauro-Herrera et al. 2013). There is both a joint main QTL and a GxE QTL for 
branching in the same region, which also overlaps with a QTL for flowering time in 
a greenhouse trial and a QTL for branching in a field trial (Mauro-Herrera and 
Doust 2016). If one examines the QTL region of chromosome IV closely, it is 
apparent that the maximum LOD position for the QTL of the 8 and 12 h trials for 
flowering time and height are slightly offset from that for the 16 h trial, suggesting 
that the regulation of these traits in the long day 16 h trial is different from the short 
day 8 and 12 h trials. Evidence for this from the QTL analyses would be if it 
appeared more likely for QTL for the 8 and 12 h trials to group together than with 
QTL for the 16 h trial, but in fact it appears equally likely for 8 and 12 h trials to 
overlap as it is for 12 and 16 h trials to overlap. However, over all four traits there is 
only one example of QTL for the 8 h trial overlapping with the 16 h trial to the 
exclusion of the 12 h trial, which implies that the groupings of 8 and 12 h or 12 and 
16 h QTL are nonrandom, suggesting a differentiation between shorter and longer 
photoperiods. Thus, the QTL analyses do give some support for separate short- and 
long-day responses in Setaria.

There is one other QTL region, apart from that on chromosome IV, where all 
three trials and the joint analysis have overlapping QTL. That is for height on 
 chromosome IX, in the same region as the repressor of branching gene teosinte 
branched1 (tb1) (Fig. 12.2). This was also found in both greenhouse and field trials. 
While it is possible that tb1 is itself affecting height by repressing branch elonga-
tion, it is also possible that other genes in this region are involved.

There are a number of previously published QTL from greenhouse and field trials 
that overlap with QTLs found in the photoperiod growth chamber trials, but these do 
not appear to overlap any more frequently than QTL between the photoperiod trials. 
It is not surprising that QTL patterns differ between growth chamber, greenhouse, 
and field, as such patterns are well known in literature from other model systems, 
such as the difference in Arabidopsis mapping populations grown in greenhouse and 
field environments (Brachi et al. 2010; Malmberg et al. 2005). Those QTL regions 
that are constant between such varied environments, such as on chromosome IV for 
flowering time and V and IX for height and biomass should be investigated further 
for genes that differ between the parents and control these traits. There is less overlap 
of QTL for branching between environments indicating that this trait has strong and 
significant GxE interactions that govern the expression of the phenotype.

The QTL analyses are not sufficiently detailed to infer whether the different 
photoperiod regimes invoke different genetic pathways, in the manner of the 
differences between HD3a and RFT1 expression under short and long days in rice. 
However, it is striking that the QTL intervals cover several of the major genes 
involved in the CONSTANS/HD1 pathway but neither EHD1 nor GHD7. It would 
be inappropriate to read too much into these analyses, but they suggest that further 
qRT-PCR analyses of plants at the floral transition should be undertaken to search 
for the participation of the EHD1/GHD7 pathway in the regulation of photoperiod 
changes. The QTL analyses did not pick up significant differences between parental 
alleles at the ZCN8 locus on chromosome III although our unpublished results do 
show that it is up-regulated at flowering. However, genome searches reveal that 
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several of the FT co-orthologs are present in QTL regions IV, VII, and VIII, making 
it possible that the parents differ in expression of the FT homologs but not the ZCN8 
homolog.

This study has uncovered interesting variation in the genetic regulation of flowering 
time and architectural traits and laid the stage for more intensive analyses. It has also 
shown that Setaria is variable in its architecture when grown under different 
environments (see also Chap. 10), suggesting that close attention needs to be paid to 
environmental conditions in order to understand phenotypic variation. The overlap 
between QTL identified in this study and in previous studies with genes in the 
CONSTANS photoperiod pathway suggests that variation in this pathway explains a 
significant proportion of the differences in flowering time seen between the two 
parents of the cross, as well as much of the variation in height and biomass. While not 
conclusive, the evidence presented here suggests that Setaria is a facultative short-day 
plant and that there may be differences in genetic regulation between short- and long-
day photoperiod regimes. QTL for branching overlapped less frequently than those 
for height and biomass between trials and between this study and previous work, 
emphasizing the large environmental component to control of branching, and the weak 
relationship between branching and other architectural traits such as height and 
biomass gain. The insights gained in this study could not easily have been achieved in 
larger C4 grasses such as maize or sorghum, and was only possible due to the small 
size, rapid life cycle and ease of growth of the Setaria system.

Acknowledgements I would like to thank Jessica Stromski for phenotyping and plant care and 
Margarita Mauro-Herrera for genetic analyses and fruitful discussions.

References

Basten CJ, Weir BS, Zeng ZB, editors. Zmap-a QTL cartographer. 5th World Congress on Genetics 
Applied to Livestock Production: Computing Strategies and Software; 1994 August 7–12, 
Guelph, Ontario, Canada: Organizing Committee.

Basten CJ, Weir BS, Zeng ZB. QTL Cartographer Version 1.16 (1.16 ed.). Raleigh, NC: North 
Carolina State University; 2002.

Bennetzen JL, Schmutz J, Wang H, Percifield R, Hawkins J, Pontaroli AC, et al. Reference genome 
sequence of the model plant Setaria. Nat Biotechnol. 2012;30(6):555–61.

Brachi B, Faure N, Horton M, Flahauw E, Vazquez A, Nordborg M, et al. Linkage and association 
mapping of Arabidopsis thaliana flowering time in nature. PLoS Genet. 2010;6(5):e1000940.

Churchill GA, Doerge RW. Empirical threshold values for quantitative trait mapping. Genetics. 
1994;138(3):963–71.

Doerge RW, Churchill GA. Permutation tests for multiple loci affecting a quantitative character. 
Genetics. 1996;142(1):285–94.

Doust AN, Devos KM, Gadberry MD, Gale MD, Kellogg EA. Genetic control of branching in 
foxtail millet. Proc Natl Acad Sci U S A. 2004;101(24):9045–50.

Doust AN, Kellogg EA, Devos KM, Bennetzen JL. Foxtail millet: a sequence-driven grass model 
system. Plant Physiol. 2009;149(1):137–41.

Hayama R, Yokoi S, Tamaki S, Yano M, Shimamoto K. Adaptation of photoperiodic control path-
ways produces short-day flowering in rice. Nature. 2003;422(6933):719–22.

12 The Effect of Photoperiod on Flowering Time, Plant Architecture, and Biomass…

http://dx.doi.org/10.1007/978-3-319-45105-3_10


210

Higgins JA, Bailey PC, Laurie DA. Comparative genomics of flowering time pathways using 
Brachypodium distachyon as a model for the temperate grasses. PLoS One. 2010;5(4):e10065.

Hung HY, Shannon LM, Tian F, Bradbury PJ, Chen C, Flint-Garcia SA, et al. ZmCCT and the 
genetic basis of day-length adaptation underlying the postdomestication spread of maize. Proc 
Natl Acad Sci U S A. 2012;109(28):E1913–21.

Izawa T, Oikawa T, Sugiyama N, Tanisaka T, Yano M, Shimamoto K. Phytochrome mediates the 
external light signal to repress FT orthologs in photoperiodic flowering of rice. Genes Dev. 
2002;16(15):2006–20.

Jansen RC, Stam P. High-resolution of quantitative traits into multiple loci via interval mapping. 
Genetics. 1994;136(4):1447–55.

Jia GQ, Huang XH, Zhi H, Zhao Y, Zhao Q, Li WJ, et al. A haplotype map of genomic variations 
and genome-wide association studies of agronomic traits in foxtail millet (Setaria italica). Nat 
Genet. 2013;45(8):957–61.

Komiya R, Yokoi S, Shimamoto K. A gene network for long-day flowering activates RFT1 encod-
ing a mobile flowering signal in rice. Development. 2009;136(20):3443–50.

Lazakis CM, Coneva V, Colasanti J. ZCN8 encodes a potential orthologue of Arabidopsis FT flo-
rigen that integrates both endogenous and photoperiod flowering signals in maize. J Exp Bot. 
2011;62(14):4833–42.

Li PH, Brutnell TP. Setaria viridis and Setaria italica, model genetic systems for the Panicoid 
grasses. J Exp Bot. 2011;62(9):3031–7.

Malmberg RL, Held S, Waits A, Mauricio R. Epistasis for fitness-related quantitative traits in 
Arabidopsis thaliana grown in the field and in the greenhouse. Genetics. 2005;171(4):2013–27.

Mauro-Herrera M, Doust AN. Development and genetic control of plant architecture and biomass in 
the Panicoid grass, Setaria. PLoS One. 2016;11(3):e0151346. doi:10.1371/journal.pone.0151346.

Mauro-Herrera M, Wang XW, Barbier H, Brutnell TP, Devos KM, Doust AN. Genetic control and 
comparative genomic analysis of flowering time in Setaria (Poaceae). G3. 2013;3(2):283–95.

Meng X, Muszynski MG, Danilevskaya ON. The FT-like ZCN8 gene functions as a floral activator 
and is involved in photoperiod sensitivity in maize. Plant Cell. 2011;23(3):942–60.

Murphy RL, Klein RR, Morishige DT, Brady JA, Rooney WL, Miller FR, et al. Coincident light 
and clock regulation of pseudoresponse regulator protein 37 (PRR37) controls photoperiodic 
flowering in sorghum. Proc Natl Acad Sci U S A. 2011;108(39):16469–74.

Murphy RL, Morishige DT, Brady JA, Rooney WL, Yang SS, Klein PE, et al. Ghd7 (Ma(6)) 
represses Sorghum flowering in long days: Ghd7 alleles enhance biomass accumulation and 
grain production. Plant Genome. 2014;7(2):1–10.

Saha P, Blumwald E. Spike dip transformation of Setaria viridis. Plant J. 2016;86:89–101.
Song YH, Ito S, Imaizumi T. Similarities in the circadian clock and photoperiodism in plants. Curr 

Opin Plant Biol. 2010;13(5):594–603.
Van Eck J, Swartwood K. Setaria viridis. In: Wang K, editor. Agrobacterium protocols. 2. New York: 

Springer; 2015. p. 57–67.
Vaughan DA, Lu BR, Tomooka N. The evolving story of rice evolution. Plant Sci. 2008;174(4): 

394–408.
Wolabu TW, Zhang F, Niu LF, Kalve S, Bhatnagar-Mathur P, Muszynski MG, et al. Three 

FLOWERING LOCUS T-like genes function as potential florigens and mediate photoperiod 
response in sorghum. New Phytol. 2016;210(3):946–59.

Yang SS, Murphy RL, Morishige DT, Klein PE, Rooney WL, Mullet JE. Sorghum phytochrome B 
inhibits flowering in long days by activating expression of SbPRR37 and SbGHD7, repressors 
of SbEHD1, SbCN8 and SbCN12. PLoS One. 2014;9(8):e105352.

Zeng ZB. Precision mapping of quantitative trait loci. Genetics. 1994;136(4):1457–68.

A.N. Doust

http://dx.doi.org/10.1371/journal.pone.0151346


211© Springer International Publishing Switzerland 2017
A. Doust, X. Diao (eds.), Genetics and Genomics of Setaria, Plant Genetics  
and Genomics: Crops and Models 19, DOI 10.1007/978-3-319-45105-3_13

Chapter 13
Cell Wall Development in an Elongating 
Internode of Setaria

Anthony P. Martin, Christopher W. Brown, Duc Q. Nguyen,  
William M. Palmer, Robert T. Furbank, Caitlin S. Byrt,  
Christopher J. Lambrides, and Christopher P.L. Grof

Abstract Although Setaria has been proposed as a model to investigate C4 
 photosynthesis, it may also be considered a suitable representative for biofuel feed-
stock species that are predominantly closely related panicoid grasses. In order to 
extend our understanding of the fundamental molecular and physiological mecha-
nisms underpinning cell wall deposition as they occur during plant development, 
we have investigated an elongating stem internode of S. viridis. The chosen inter-
node progressed from an active meristem and region of cell expansion at the base of 
the internode towards maturing fully expanded cells at the top of the internode. 
Along this developmental gradient, RNAseq of the mRNA fraction of the transcrip-
tome was undertaken. A holistic understanding of the synthesis, composition and 
structure of the cell wall and the molecular mechanisms that signal the transition 
from primary to secondary cell wall synthesis will be integral to engineering crops 
with a structure that lends itself to more efficient deconstruction.
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13.1  Introduction

The study of photoassimilate partitioning in plants has been a fundamental research 
area over many decades. The major focus of these studies has been to understand 
the allocation of carbon to some economic component of the plant, for example, 
grain in cereal crops, starch in root and tuber crops and sucrose in ‘sweet’ crops. The 
goal has been to increase harvest index, the proportion of the economic component 
 relative to the total plant biomass. These studies are ongoing, but in recent years 
researchers have directed greater attention to other questions of carbon allocation. 
The economic importance of biomass has changed as plant cell walls are increas-
ingly being used as a raw material for biofuel and biochemical production. This has 
influenced researchers to consider how plant cell walls are synthesised and what 
carbon resources are tied up in their production. It is not clear how much carbon 
could be reallocated from the synthesis of plant cell walls to other parts of the plant. 
To date, the majority of research on plant cell walls has focused on grain crops such 
as rice, wheat and maize, where the influence of grain cell wall composition is 
important for human nutrition (Collins et al. 2010). There is less information about 
the biology of plant cell walls in vegetative tissues such as the developing culm.

Herein, the genetic control of plant cell wall development in the culm is briefly 
reviewed and preliminary research investigating internode elongation of Setaria, a 
new model grass belonging to the Panicoideae, is introduced. An analysis of cell 
wall components of more than 200 Setaria germplasm lines has also been under-
taken and is likely to provide the platform for more detailed investigation of plant 
cell walls in the developing culm of C4 grasses. Setaria possesses the efficient C4 
pathway of photosynthesis and is therefore primed for high productivity under con-
ditions of elevated light and temperature, similar to closely related species such as 
sugarcane (Saccharum spp.), Sorghum (Sorghum bicolor (L.) Moench), switchgrass 
(Panicum virgatum L.) and Miscanthus spp. Hence, in addition to its role as a model 
for C4 photosynthesis (Brutnell et al. 2010), Setaria can also serve as a model sys-
tem for photoassimilate partitioning in the developing culm.

13.2  Partitioning of Photoassimilate

Sucrose, the product of photosynthesis, is transported over long distances through 
the sieve elements of the phloem within the vascular system. Having reached grow-
ing sink organs, sucrose is hydrolysed by the enzyme sucrose synthase (SuSy) to 
produce the key molecule, UDP-glucose. Photoassimilate partitioning viewed from 
the position of the metabolite UDP-glucose can be considered in terms of three 
principal demands (Fig. 13.1). Demand 1 is carbon directed towards the structural 
components of cellulose and callose, catalysed by the enzymes cellulose and callose 
synthase, respectively, and non-cellulosic polysaccharides/pectin polymers cata-
lysed by UDP-glucose dehydrogenase. To fulfil Demand 1 and complete the 
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synthesis of the growing cell walls, UDP-glucose can be interconverted to a range 
of five and six carbon nucleotide sugars through a series of complex enzymatic 
pathways (Bar-Peled and O’Neill 2011). Demand 2 is carbon directed towards res-
piration (glycolysis), lipid and starch biosynthesis, with the first step being cata-
lysed by UDP-glucose pyrophosphorylase. Demand 3 is carbon directed towards 
sucrose and catalysed primarily by sucrose phosphate synthase (SPS), sucrose 
phosphate phosphatase (SPP) and SuSy. Trehalose phosphate synthase (TPS) catal-
yses the synthesis of the key sensor metabolite Trehalose 6-phosphate (T6P); T6P is 
also reliant on UDP-glucose as a substrate; however, the concentration of T6P is 
small and hence the demand upon UDP-glucose is minor. Pyrophosphate: fructose 
6-phosphate 1-phosphotransferase catalyses the reversible conversion of fructose 
6-phosphate (Fru 6-P) and pyrophosphate (PPi) to fructose 1, 6-bisphosphate (Fru 
1,6-BP) and inorganic phosphate (Pi).

Fig. 13.1 Photoassimilate partitioning in the growing sink organ, the culm, of Setaria and other 
monocot grasses. Photoassimilate partitioning, viewed from the central position occupied by the 
key metabolite UDP-glucose, considered in terms of three principal demands. Demand 1 is carbon 
directed towards structural components including cellulose/callose catalysed by cellulose/callose 
synthase (1), and non-cellulosic polysaccharide catalysed by UDP-glucose dehydrogenase (2). 
Demand 2 is carbon directed towards respiration, protein, lipid and starch synthesis, the first step 
being catalysed by UDP-glucose pyrophosphorylase (6). Demand 3 is carbon directed towards 
sucrose and catalysed primarily by the enzymes sucrose-phosphate synthase (3), sucrose- phosphate 
phosphatase (4) and sucrose synthase (5). Trehalose-phosphate synthase catalyses the synthesis of 
the sensor metabolite trehalose 6-phosphate (T6P) (7); Pyrophosphate:fructose 6-phosphate 
1-phosphotransferase catalyses the reversible conversion of fructose 6-phosphate (Fru 6-P) and 
pyrophosphate (PPi) to fructose 1,6-bisphosphate (Fru 1,6-BP) and inorganic phosphate (Pi) (8)
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13.3  Cell Wall Development in an Elongating Internode

The culm, the central axis of the grass shoot, is made up of multiple repeating phy-
tomeric units, comprising a node and an internode, where each node bears a leaf. 
Within each growing internode, the intercalary meristem resides at the base of the 
internode, immediately above the node below. Acropetally above the meristematic 
region, cells undergo expansion, maturing towards the top of the internode. Primary 
cell walls are synthesised whilst the cell is growing, whereas the secondary cell 
walls are produced as cell expansion ceases. The secondary cell wall is deposited 
inside the primary cell wall and characteristically is made up of three distinct layers 
(S1–S3) although in some fibre cells such as those of bamboo many more layers 
have been reported (Parameswaran and Liese 1976).

The plant body is made up of more than 30 different cell types, each of which is 
likely to vary in cell wall composition and structure (de Oliveira Buanafina and 
Cosgrove 2013). The complex nature of this extracellular layer is reflected in the 
number of genes, more than a thousand, that modulate cell wall construction and 
metabolism in maize (Penning et al. 2009). In broad terms, the cell wall is com-
posed of cellulose intertwined in a complex matrix with non-cellulosic polysaccha-
rides and pectin. The cellulose microfibrils are synthesised by a large protein 
complex embedded in the plasma membrane whilst the production of many non- 
cellulosic polysaccharides involves partial synthesis in the Golgi apparatus and 
delivery in secretory vessels to the surface of the cell for assembly. Non-cellulosic 
polysaccharides interact with cellulose to form the strong resilient structure that is 
the cell wall (Carpita 2012). In grasses, approximately 85 % of the primary cell  
wall is composed of (1,4)-β-glucans (cellulose), and non-cellulosic polysaccha-
rides: arabinoxylan (AX), glucurono(arabino)xylan (GAX), xyloglucan (XyG) and 
(1,3;1,4)-β-glucans (mixed linkage glucans; MLG). The remaining components are 
small amounts of pectin, structural proteins, unpolymerised phenolics and silica. 
The secondary cell wall is structurally rigid and comprises cellulose, AX, GAX, 
silica and heavy deposits of the phenolic polymer lignin, which together make up 
approximately 95 % of secondary cell wall dry weight (Vogel 2008). There are also 
small amounts of pectin and unpolymerised phenolics such as ferulic and ρ-coumaric 
acid (see Table 13.1; adapted from (Vogel 2008)).

13.3.1  Cellulose

Cellulose, the most abundant polymer on earth, is an unbranched, β-1,4 linked chain 
of d-glucose, successively inverted 180° and ranging in size from 2000 to 25,000 
glucose residues (de Oliveira Buanafina and Cosgrove 2013; Richmond 2000; 
Taylor 2008). The repeating unit in a single cellulose chain is the dimer, cellobiose. 
The polymerisation of cellulose is catalysed by cellulose synthase (CesA) enzymes 
which belong to the Glycosyltransferase 2 superfamily (Campbell et al. 1997). 
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Cellulose synthase-like (Csl) proteins encoded by the Csl genes also belong to this 
superfamily (Richmond and Somerville 2000).

Immunogold labelling of CesA enzymes has revealed that they are embedded in 
the plasma membrane and form a particle rosette consisting of six rosette subunits 
(Kimura et al. 1999). Each subunit is composed of six CesA enzymes which may be 
catalytically active as single polypeptide or dimer subunits (Emons and Mulder 
1998; Carpita 2011). The eight highly conserved transmembrane domains of the 
proteins encoded by the CesA gene family defines the barrel shape of the rosette and 
the cytosolic orientation of the enzyme active site such that glucan chains are pro-
duced and secreted from the centre of the barrel into the extracellular space (Taylor 
2008; Cosgrove 2005). This cellulose synthase enzyme complex (CSC) produces 
multiple glucan chains that weave and bind together spontaneously via hydrogen 
bonds to produce cellulose microfibrils, made up of between 12 and 36 interwoven 
glucan chains (Niimura et al. 2010; Fernandes et al. 2011; McFarlane et al. 2014). 
Recent NMR data and computational simulations of cellulose molecular dynamics 
indicate that 18- and 24-chain models are consistent with scattering and diffraction 
data; and spectroscopic measurements of Arabidopsis cellulose microfibrils indi-
cated that the cellulose synthase complex is a hexamer of equimolar stoichiometry 
that synthesises an 18-glucan chain microfibril (McFarlane et al. 2014; Hill et al. 
2014; Oehme et al. 2015). The cellulose synthase enzyme complex uses UDP- 
glucose as the substrate and the growing glucan chain is guided through the plasma 
membrane by cortical microtubules which ensure organised orientation of the cel-
lulose microfibrils. This facilitates anisotropic cell wall expansion perpendicular  
to cellulose microfibril orientation and maximises strength in secondary cell walls 
(Mutwil et al. 2008).

Table 13.1 The approximate composition of primary and secondary cell walls in typical eudicots 
and grasses expressed as percentage of dry weight (% dry wt.)

Components

Primary wall (% dry wt.) Secondary wall (% dry wt.)

Grass Eudicot Grass Eudicot

Cellulose 20–30 15–30 35–45 45–50

Non-cellulosic polysaccharide
XyG 1–5 20–25 Minor Minor

Xylans 20–40 5 40–50 20–30

MLG 10–30 Absent Minor Absent

Mannans and Glucomannans Minor 5–10 Minor 3–5

Pectins 5 20–35 0.1 0.1

Structural proteins 1 10 Minor Minor

Phenolics
Ferulic and ρ-coumaric acids 1–5 Minor 0.5–1.5 Minora

Lignin Minor Minor 20 7–10

Silica 5–15 Variable

After Vogel (2008)
aExcept order Caryophyllales
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A complement of ten genes encoding CesA has been identified in A. thaliana 
(Richmond and Somerville 2000; Doblin et al. 2010), ten in rice (Tanaka et al. 
2003), 12 in sorghum (Paterson et al. 2009) and 12–14 in maize (Paterson et al. 
2009; Appenzeller et al. 2004). Mutant analysis has demonstrated that at least three 
non-redundant CesAs form a functional cellulose synthase enzyme complex (CSC) 
and in rice, OsCesA 4, 7 and 9 are required for secondary cell wall synthesis (Tanaka 
et al. 2003). Expression analysis in maize has suggested that ZmCesA1 to 9 are 
involved in primary cell wall synthesis whilst ZmCesA10 to 12 are involved in sec-
ondary cell wall cellulose deposition (Appenzeller et al. 2004; Zhang et al. 2014). 
In A. thaliana, CesAs have been shown to be co-expressed in a range of tissues and 
demonstrate protein–protein interactions.

A number of other proteins have been proposed to play a role in cellulose synthesis, 
at least in Arabidopsis. Within the plasma membrane, CSI1 contributes to the 
 mediation of CSC-microtubule alignment and in conjunction with KORRIGAN, a 
putative β-1,4 glucanase, may affect the motility of the CSC (McFarlane et al. 
2014). Extracellular proteins, such as COBRA and CTL1, glycosylphosphatidylino-
sitol (GPI)-anchored proteins, may also impact upon the velocity of the glucan 
chain production driven by the CSC (McFarlane et al. 2014). However, the precise 
mechanism of action of many of these ancillary proteins remains elusive. Mutations 
affecting primary cell wall cellulose synthesis tend to result in swollen cells, most 
likely due to isotropic cell expansion and the inability to regulate cell turgor in an 
expanding cell (Arioli et al. 1998). In the grasses barley, maize and rice, mutations 
in secondary cell wall cellulose synthesis genes consistently result in a brittle stem 
phenotype (Tanaka et al. 2003; Aohara et al. 2009; Sindhu et al. 2007; Kokubo et al. 
1991), whereas in A. thaliana disruption of secondary cell wall cellulose synthesis 
resulted in collapsed xylem elements (Doblin et al. 2010).

13.3.2  Non-Cellulosic Polysaccharides

The major non-cellulosic polysaccharides found in grasses, MLG, AX and XyG, are 
polymers of β-(1,4) linked sugars, often with a glucan backbone, making them 
structurally similar to cellulose. Non-cellulosic polysaccharides are often composed 
of a mixture of six and five carbon sugars and their backbone is often highly substi-
tuted with monosaccharide or disaccharide side chains (Doblin et al. 2010). In Type 
II commelinoid grasses, as for plants possessing Type I cell wall composition such 
as Arabidopsis, the widely accepted model describes non-cellulosic polysaccha-
rides coating cellulose microfibrils, linking them together via hydrogen bonds and 
forming the cellulose-non-cellulosic polysaccharide network that confers mechani-
cal strength to a cell wall (Park and Cosgrove 2015). For Type I cell walls, the 
microfibrils are tethered with xyloglucans and embedded in various pectins, and 
Type II cell walls are low in pectin.
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13.3.2.1  Xylans

Glucurono(arabino)xylan (GAX) and arabinoxylan (AX), the predominant non- 
cellulosic polysaccharide in grass cell walls (Table 13.1; (Vogel 2008)), are poly-
mers of β-1,4 linked d-xylose with variable non-repeating arabinose and glucuronic 
acid side chains for GAX and arabinose substitutions for AX (Fig. 13.2; (Faik 
2010)). The synthesis of xylans occurs in the Golgi using UDP-xylose as the sub-
strate for the xylan backbone (York and O’Neill 2008). The GAX xylose backbone 
is highly substituted with arabinose and glucuronic acid side chains during synthe-
sis in the Golgi; however, these side chains are removed upon secretion to the wall 
and ferulic acid is often linked to the remaining arabinose side chains (Vogel 2008). 
This mode of synthesis has implications for cell wall molecular architecture. The 
arabinose and xylose side chains are usually attached at the O-2 and O-3 position 
(Vogel 2008), which blocks efficient hydrogen bonding to cellulose microfibrils and 
other GAX (Carpita 1983; McCann and Carpita 2008). Regulation and modulation 

Fig. 13.2 Major nucleotide sugar substrates required to build the cell wall polysaccharides of 
grasses (Demand 1). MLG; β(1,3;1,4)-glucans or mixed linkage glucans, G(AX); glucurono(arabino)
xylan. Six carbon monomers are coloured in shades of blue and five carbon monomers are coloured 
in shades of green whilst the nucleotide functional groups are black
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of side chain substitution may play a pivotal role in cell wall expansion of type II 
primary cell walls.

Xylan biosynthesis requires initiation, elongation and termination of the xylan 
backbone and, in the case of GAX, addition of arabinose and glucuronic acid side 
chains (Doblin et al. 2010). In A. thaliana, GUX1 and GUX2 genes encoding gluc-
uronyltransferases have been localised to the Golgi and when transcription is 
repressed resulted in reduced addition of side chains to the xylan backbone; how-
ever, no reduction in synthesis of the xylan backbone was observed (Mortimer et al. 
2010). This observation indicates that xylan backbone synthesis occurs via an 
 independent mechanism to side chain substitution. In grasses, a number of glycos-
yltransferase (GT) families have been implicated in both xylan backbone synthesis 
and side chain substitution of xylans (Doering et al. 2012). Based upon a  broad- scale 
bioinformatics approach (Mitchell et al. 2007), the GT43 gene family encoding 
β-1,4-xylan synthases, have been implicated in xylan backbone synthesis whereas 
the GT47 gene family, encoding xylan α-1,2- or α-1,3-arabinosyl transferases are 
proposed to direct arabinose substitutions of the xylan backbone. The heterologous 
expression of wheat and rice genes belonging to the GT61 family, TaXAT2, OsXAT2 
and OsXAT3 in Arabidopsis GUX1/GUX2 double mutants produced arabinosylated 
xylan, definitively demonstrating gain-of-function. The GT75 gene family is pro-
posed to encode a glucuronosyltransferase required for the side chain addition of 
glucuronic acid (Zeng et al. 2010).

13.3.2.2  Mixed Linkage Glucans

Mixed linkage glucans are a polymer of glucose with mixed β-1,3 and β-1,4 glyco-
sidic linkages without any side chains (Vogel 2008). The mixed linkages between 
glucose monomers result in a polymer very similar to cellulose but with regular 
bends along the chain. They are present in high proportions (10–30 % cell wall dry 
weight) in expanding primary cell walls of grasses with maximum levels occurring 
at the peak of cell expansion (Kim et al. 2000), suggesting mixed linkage glucans 
play a major role in this developmental process.

Since MLGs are mostly specific to grasses, less is known about the molecular 
mechanisms of their synthesis. Identification of a quantitative trait locus for MLG 
content in barley grain led to the discovery of six rice cellulose synthase-like F 
(CslF) genes in the syntenic region of the sequenced rice genome (Burton et al. 
2006). These CslF genes were heterologously expressed in A. thaliana, which does 
not produce MLG naturally and small amounts of MLG were detected (Burton et al. 
2006). In addition, the CslF family is one of two grass-specific Csl gene families 
supporting the argument that CslF genes are responsible for biosynthesis of MLG, 
which is specific to grasses. Similarly, the CslH gene family, also specific to grasses 
has been shown to produce small amounts of MLG when heterologously expressed 
in A. thaliana (Doblin et al. 2009). Expression studies suggest that CslF genes are 
required in expanding primary cell walls, whilst CslH genes are required in seed 
endosperms or secondary cell walls where MLG is used as a carbon energy store 
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(Doblin et al. 2010). Both gene families are thought to only introduce β-1,4 glyco-
sidic bonds into MLGs and since heterologous expression in A. thaliana only pro-
duces minute quantities of MLG it is considered likely that another unidentified 
gene family is responsible for producing the β-1,3 linkages in the MLG polymer 
(Doblin et al. 2010). Although there is a substantial body of immunochemical and 
biochemical data that supports the synthesis of full length mixed linkage β-glucans 
in the Golgi apparatus (Carpita 2012), preparation of grass tissues with high pres-
sure cryofixation to preserve cellular ultrastructure and antigenicity revealed the 
presence of CSLF6 in the plasma membrane and intracellular membranes (Wilson 
et al. 2015), challenging the dogma that all non-cellulosic polysaccharides are syn-
thesised and assembled in the Golgi complex.

13.3.2.3  Xyloglucan (XyG)

Xyloglucan (XyG), a major component of eudicot cell walls, is only present in 
minor amounts in grasses (Table 13.1). It is a polymer of β-1,4 linked d-glucose 
with xylose monomeric and polymeric (xylose, galactose, fucose) side chains at the 
O-6 position in grasses. Three xylosyl residues are substituted in repeating units of 
four glucose backbone monomers (Pauly et al. 2013). Following synthesis in the 
Golgi complex, directed by synthases encoded by the CslC gene clade, xyloglucan 
is transported to the cell membrane. The number of CslC enzymes contributing to 
biosynthesis and the mechanism for side chain addition remains largely undescribed 
in grasses (Park and Cosgrove 2015; Pauly et al. 2013; Scheller and Ulvskov 2010).

13.3.2.4  Pectins

Pectin is a family of complex galacturonic acid-rich polysaccharides comprising 
~35 and 5 % of eudicot and grass cell walls, respectively. They consist of a galac-
turonan backbone that can be substituted at various positions with simple sugars 
including xylose, rhamnose and apiose, as well as complex side chains (Harholt 
et al. 2010). Four types of pectin polysaccharides have been described namely, 
homogalacturonan (HG), xylogalacturonan (XGA), apiogalacturonan, rhamnoga-
lacturonan I (RGI) and rhamnogalacturonan II (RGII) with HG accounting for 
approximately 65 % of total pectin in plants. Pectins, particularly HG and RGII, 
play a principal role in shaping and strengthening the cell wall by acting as adhesive 
agents in the middle lamella (Harholt et al. 2010).

13.3.3  Phenolics

Phenolics, secondary metabolites which are both extremely abundant and widely 
distributed in the plant kingdom, play important functional roles in pigmentation, 
growth, reproduction and pathogen resistance (Cheynier et al. 2013; Lattanzio et al. 
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2006). They possess one or more aromatic rings bearing one or more hydroxyl 
branches and are derived from the Shikimate-Phenypropanoid pathway (Cheynier 
et al. 2013; Dai and Mumper 2010). In the cell walls of grasses, the significant 
 phenolic compounds identified include the hydroxycinnamates, ferulic acid and 
ρ-coumaric acid, and the polyphenol lignin which is a complex polymer that varies 
in monomer composition between species and cell types.

13.3.3.1  Lignin

Lignin is the third most abundant heteropolymer (approximately 20 % dry weight) 
in secondary cell walls of grasses, predominantly associated with vascular bundles. 
It is a complex aromatic polymer generated by irregular linkage of three main 
phenylalanine- derived monolignols, Hydroxyphenyl (H), Guaicyl (G) and Syringyl 
(S) (Li et al. 2008), with the resultant polymer being highly branched due to a vari-
ety of possible linkages (β-O-4, β-β, β-5) between monomers. The incorporation of 
lignin in plant cell walls through covalent binding to non-cellulosic polysaccharides 
provides rigidity, strength and a barrier against external physical forces and patho-
gen attack. Lignin also renders the xylem impermeable to water and solutes, thereby 
facilitating water and nutrient transport.

H lignin is uniquely present in grass cell walls with a typical grass cell wall con-
taining ~35–49 % G units, 40–61 % S units and 4–15 % H units (Vogel 2008; 
Vanholme et al. 2010). The ratio of S:G lignin has been implicated in defining cell 
wall characteristics since G lignin is more highly branched than S lignin and there-
fore has greater opportunity to cross link cell wall polysaccharides. A lower S:G 
ratio therefore, typically results in a more rigid and less digestible cell wall (Abreu 
et al. 2009; Koutaniemi 2007).

The highly controlled process of lignification can be considered in terms of three 
principal stages (1) biosynthesis of monolignols in the cytosol; (2) transportation of 
these precursor monolignols across the plasma membrane; and (3) lignification of 
the monolignols by oxidative polymerisation (Liu 2012). Stage 1 occurs on the 
cytosolic side of the ER, where chloroplast-derived phenylalanine is de-aminated 
by the enzyme phenylalanine ammonia lyase (PAL) to form cinnamic acid (Li et al. 
2008). Successive hydroxylation and methylation reactions form ρ-coumaroyl CoA, 
an important metabolite and branching point of monolignol or flavonoid biosynthe-
sis pathways. At this point, monolignol biosynthesis also diverges to produce 
ρ-coumarate aldehyde and ρ-coumaroyl shikimic acid through the catalytic activity 
of hydroxycinnamoyl CoA reductase (CCR) and hydroxycinnamoyl CoA shikimate: 
quinate hydroxycinnamoyl transferase (HCT), respectively. The aldehyde is then 
converted into the ρ-coumaryl alcohol, catalysed by hydroxycinnamyl alcohol 
dehydrogenase (CAD) and subsequently converted into the H monomeric lignin 
subunit (Hao and Mohnen 2014). In the alternate arm of the pathway, ρ-coumaroyl 
shikimic acid undergoes serial reduction reactions by ρ-coumaroyl shikimate 
3′-hydroxylase (C3H), ρ-hydroxycinnamoyl CoA shikimate:quinate ρ-hydroxy-
cinnamoyl transferase; (HCT/CST), Caffeoyl CoA O-methyl transferase 
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(CCoAOMT) and (hydroxy)cinnamoyl CoA reductase (CCR) to produce conifer-
aldehyde. Synapaldehyde is produced by the catalytic activity of ferulic acid/ 
coniferaldehyde/coniferyl alcohol 5-hydroxylase (F5H) and caffeic acid/ 
5-hydroxyferulic acid O-methyl transferase (COMT) in series upon coniferaldehyde. 
Synapy and coniferyl alcohol, produced by the activity of (hydroxyl) cinnamyl 
alcohol dehydrogenase (CAD), are transported through the plasma membrane to the 
apoplasm and oxidised to produce the remaining two monomeric lignin subunits, 
Syringyl and Guaicyl lignin (Boerjan et al. 2003; Zhong and Ye 2015).

Three possible mechanisms have been proposed for the transport of the mono-
lignols to the apoplasm for polymerisation. The hydrophobic monolignols may 
 diffuse passively through the plasma membrane thereby preventing their toxic accu-
mulation in cells (Boija and Johansson 1758). The widely accepted mechanism of 
vesicular secretion of the monolignols into the extracellular space by the Golgi 
complex has recently been challenged. TEM (transmission electron microscopy) 
autoradiographs of radiolabelled monolignols in cells undergoing lignification in 
Lodgepole pine (Pinus contorta Dougl. Ex Loud.) tracheids have allowed monoli-
gnol transport to be visualised, revealing that they are not translocated via the Golgi 
(Kaneda et al. 2008). An alternative mechanism of lignin subunit transport has been 
proposed, involving ATP-binding (ABC) transporters, initially based upon tran-
script profiling, which shows tight co-expression of some ABC transporters with 
monolignol biosynthesis genes (Ehlting et al. 2005). ABC transporters belong to a 
gene superfamily with 130 putative members reported in Arabidopsis (Kang et al. 
2011) and more than 130 in rice (Saha et al. 2015). They are considered to be res-
ponsible for the transport of metabolites, signalling molecules lipids and proteins across 
cell membranes, with some members demonstrated to be  phenolic/polyphenolic 
transporters (Sibout and Höfte 2012). The putative ABC transporter AtABC29, 
highly expressed in Arabidopsis roots and anthers, has been identified as a monolignol 
transporter by both microarray and experimental analysis (Alejandro et al. 2012). 
Mutant Arabidopsis knockout plants of AtABC29 demonstrate increased levels of 
ρ-coumaryl alcohol in the cytosol and reduced lignification (Alejandro et al. 2012). 
Six closely related ABC transport members that belong to the pleiotropic drug resis-
tance (PDR) subfamily have been proposed as potential transporters responsible for 
trafficking of the two remaining monolignols through the plasma membrane (Sibout 
and Höfte 2012).

Once delivered to the apoplasm, the monolignols are primed for polymer assem-
bly by dehydrogenation (reduction of the HCA-CoA esters) catalysed by several 
enzymes including peroxidases, laccases and polyphenol oxidases (Boerjan et al. 
2003; Sibout and Höfte 2012). The monolignol radicals are randomly cross-coupled 
to one another or to a growing polymer complex via endwise coupling predomi-
nantly by β-O-4 linkages to form the three dimensional, branched, interlocking lig-
nin networks (Vanholme et al. 2010; Hao and Mohnen 2014; Boerjan et al. 2003; 
Hatfield and Vermerris 2001). Based upon micro-autoradiography, lignification is 
initiated at Ca2+-rich nucleation sites, as calcium is required for the polymerisation 
of coniferyl alcohol, where lignin is covalently linked with the non-cellulosic poly-
saccharide and pectin constituents of the primary cell wall (Hao and Mohnen 2014). 
During the early stages of cell wall lignification, H lignin is believed to be deposited 
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and functions as a scaffold to determine cell shape prior to deposition of G and S 
lignin (Nakashima et al. 2008). In the grasses sugarcane and rice, lignification 
begins in the cell walls of the protoxylem vessels, progresses to the middle lamellae 
of fibre cells, the secondary wall of metaxylem vessels and finally to the secondary 
wall of the fibres (He and Terashima 1991; de Oliveira Buanafina and Cosgrove 2013).

13.3.3.2  Hydroxycinnamates

The hydroxycinnamates, ferulic acid and ρ-coumaric acid, are intermediates in the 
monolignol biosynthesis pathway and constitute up to 4 and 3 % of cell wall dry 
weight, respectively (Vogel 2008). A unique feature of grass cell walls is the cova-
lent ester linkage of ferulic acid to arabinose side chains of arabinoxylan or gluco-
arabinoxylan (de Oliveira Buanafina 2009). The arabinoxylan linked ferulates may 
form dimers, trimers and tetramers that cross link adjacent arabinoxylans during 
cell wall deposition and lignification (Bunzel et al. 2006). Furthermore, ferulic acid 
is able to provide the bridge to form lignin-ferulate-polysaccharide complexes 
through ester-ether linkages (de Oliveira Buanafina and Cosgrove 2013; Jacquet 
et al. 1995) thereby filling the functional role of structural proteins in Type I cell 
walls by cross linking non-cellulosic polysaccharide, cellulose and lignin constitu-
ents (Vogel 2008). It has also been suggested that ferulic acids act as initiation sites 
for lignin polymerisation within the secondary cell wall (Ralph et al. 1995) and 
genetically engineering monolignol ferulate conjugates specifically into poplar 
xylem significantly increased cell wall digestibility (Wilkerson et al. 2014).

13.4  Growth of the Cell Wall

The widely accepted architectural model of primary cell walls of both eudicots and 
monocots consists of cellulose microfibrils coated in non-cellulosic polysaccharides 
and tethered together covalently by hydrogen bonds to create a strong matrix net-
work. Growth of the cell involves irreversible expansion of the cell wall in conjunc-
tion with an influx of water into the cell. The growth process, culminating in the 
synthesis, secretion and intercalation of new moieties into the developing cell wall 
requires vacuolar enlargement and solute uptake to maintain osmotic potential, 
hence turgor pressure.

Cell growth is physically constrained by the cell wall and dogma dictates that 
enzymes act specifically upon the non-cellulosic polysaccharide tethers (MLGs in 
grasses) to loosen their links to the cellulose microfibrils, hence promoting slippage 
or ‘wall loosening’. However, plant endoglucanases and endotransglycosylase/
hydrolases do not significantly influence cell wall relaxation primarily because the 
xyloglucans accessible to these enzymes are not ‘load bearing’ (Park and Cosgrove 
2012). Furthermore, solid-state Nuclear Magnetic Resonance data generated from 
mung bean cell walls (Bootten et al. 2004), indicated that less than 8 % of cellulose 
surfaces are coated with xyloglucan.
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Empirical evidence indicates that the widely accepted model of primary cell wall 
architecture needs to be revisited and the tethering role of xyloglucans reconsidered. 
A ‘biomechanical hotspot’ hypothesis has been proposed (Park and Cosgrove 
2015), whereby limited cellulose-cellulose contact takes place at mechanical junc-
tions possibly mediated by a xyloglucan monolayer binding the hydrophobic sur-
faces together. Cell wall extensibility may be promoted by expansin activity, through 
some undescribed mechanism, at these sites. Pectins are also proposed to play a 
significant role, as contact between pectins and the cellulose microfibrils is esti-
mated to be greater than that of xyloglucan.

13.5  Molecular Characterisation of the Elongating  
Setaria Internode

One way to investigate the genes involved in internode development is to analyse 
the gene transcript levels. Although highly complex, cell walls are constructed  
from a limited number of components, predominantly cellulose microfibrils, non- 
cellulosic polysaccharides, lignin and pectin; and many of the genes involved in 
making these components are known. To begin unravelling this complexity in 
Setaria, gene expression in internodes of Setaria undergoing development from cel-
lular division, to cellular expansion of the primary cell wall and culminating in 
secondary cell wall deposition have recently been analysed (Fig. 13.3; (Martin et al. 
2016)). Similar strategies have been used for other grass species including rice 
(Hirano et al. 2013), maize (Zhang et al. 2014; Bosch et al. 2011) and sugarcane 
(Casu et al. 2007). Previous maize (Bosch et al. 2011) and sugarcane studies  
(Casu et al. 2007) undertook microarray transcriptomic analysis comparing entire 
elongating and fully elongated culm internodes. In previous studies of elongating 
internodes, differences in gene expression relative to mature fully elongated inter-
nodes have been observed; however, some changes are likely to be dampened by 
homogenisation of the different developmental regions within the internode during 
sample preparation. Recently, a more refined approach was taken with an elongat-
ing maize internode, where sections 10 cm in length were divided into 1 cm sections 
prior to detailed analysis (Zhang et al. 2014). By studying 1 cm sections, the authors 
observed that the expression of genes encoding key enzymes in the biosynthesis and 
modification of cellulose, non-cellulosic polysaccharide (predominantly glucurono-
arabinoxylan) and lignin, peaked in the transitional region of internode develop-
ment prior to completion of the deposition of secondary cell walls.

13.5.1  Setaria CesA and Csl Genes

Synthases involved in producing the cell wall ‘backbone’ are encoded by members of 
the CesA/Csl superfamily of genes (Carpita 2011). Cellulose is synthesised by mem-
bers of the CesA clade; mannans and glucomannans by members of the CslA clade; 
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xyloglucans, by members of CslC clade, and mixed-linkage β-glucans, by members 
of the CslF and CslH clades (Carpita 2012). Ten of the 13 Setaria CesA genes identi-
fied here exhibited a greater than 1 Log2 fold change in the region of cell elongation 
as compared to the meristematic region (Fig. 13.4). Most striking is the fourfold Log2 
change in three of the CesA genes (CesA 4, 10 and 12) in the transitional and matur-
ing regions of the internode. Phylogenetically, these three genes are most similar to 
CesA4 (At5g44030), 7 (At5g17420) and 8 (At4g18780) from Arabidopsis and 
CesA10, 11, 12(13) from maize, which have been implicated in secondary cell wall 
cellulose synthesis (Appenzeller et al. 2004). This sustained elevated expression is at 
odds with the report of ongoing but reduced expression of a broad cohort of genes in 
the maturation region of the maize internode (Zhang et al. 2014).

Genes belonging to the CslA clade were highly expressed in Setaria (with one 
exception, CslA11). CslA expression was particularly high in the meristematic and 
elongation zones of the internode (Fig. 13.5). In maize, the cell walls within the 
elongation zone were measured to contain 3 % mannan and then decreased acrope-
tally in the internode (Zhang et al. 2014), matching the Setaria CslA gene expres-
sion reported here. The genes belonging to the CslC subgroup putatively encode the 

Fig. 13.3 Regions of Setaria internode 5 of 7 (from base) selected for RNA isolation and sequenc-
ing. (a) Internode 5 harvested at the ‘half head emergence’ developmental stage with its leaf sheath 
stripped, alongside an equivalent internode where the lower, flexible zone has been bent to display 
the difference between the upper rigid and the lower more flexible zone. The green line indicates 
the interface between the flexible and rigid zones of the internode. The harvested meristematic 
(MsZ—black), cell expansion (CEZ—pink), transitional (TZ—blue) and the mature (MZ—orange) 
zones are indicated. (b) and (c), Longitudinal, vibratome cut, 50 μm thick section of the lower 
region of the internode (indicated by dotted black lines), stained with DAPI and viewed under UV 
illumination with (b) the red chlorophyll emissions isolated and (c) the blue DAPI emissions iso-
lated with enlarged regions offset (white scale bars are 50 μm). (d) Nuclei density (black circles; 
nuclei/100 μm2) and cell size (grey squares; μm2) measured using image J were plotted at intervals 
along the lower region of the internode. This figure was adapted from Martin et al. (2016)
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xyloglucan synthases and these exhibited an elliptical profile, with highest expres-
sion in the elongation zone and relatively lower expression in the transitional and 
maturing zones of the internode.

CslF6, a member of the CslF subgroup exhibited greater expression in the tran-
sitional zone relative to the meristematic zone, and this higher expression was also 
observed in the maturing region of the internode (Fig. 13.5). The expression of 
CslH2 was highest in the elongation zone and close to zero in the transitional and 
maturation regions of the internode. The expression of CslH1 increased with the 
maturity of the internode although the level of expression was extremely low.

13.5.2  Setaria Heteroxylan Synthase Genes

Xylan, represented in grasses as AX or GAX, makes up between 20 and 40 % 
(dry weight) of the primary cell wall and between 40 and 50 % of the secondary 
cell wall composition (Table 13.1; (Vogel 2008)). In maize, GAX makes up more 
than 30 % of the primary cell wall and close to 50 % in the secondary cell walls 
(Zhang et al. 2014). The glycosyltransferases contributing to the synthesis of 
heteroxylans are encoded by members belonging to a large superfamily of genes 
(Hansen et al. 2012). Setaria genes belonging in the GT family 47 (Fig. 13.6) 

Fig. 13.4 Expression profile of CesA genes in an elongating internode of Setaria. RNAseq reads 
per kilobase per million reads (RPKM) expression levels of all identified cellulose synthase A 
(CesA) transcripts in S. viridis showing maximal CesA expression during the transitional stage of 
internode development. An average of four biological replicates ± SE are displayed in the meriste-
matic, cell elongation, transitional and mature zones of the internode. Data was obtained from 
Martin et al. (2016)
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Fig. 13.6 Expression profile of glycosyltransferase (GT) genes in an elongating internode of 
Setaria. RNAseq reads per kilobase per million reads (RPKM) expression levels of identified 
glycosyltransferase (GT) transcripts (Family (Fam) 8, 31, 47 and 61) in S. viridis showing maximal 
expression of GT genes in the transitional zone of the developing internode. An average of four 
biological replicates ± SE are displayed in the meristematic, cell elongation, transitional and 
mature zones of the internode. Data was obtained from Martin et al. (2016)

Fig. 13.5 Expression profile of Csl genes in an elongating internode of Setaria. RNAseq reads per 
kilobase per million reads (RPKM) expression levels of all identified cellulose synthase-like (Csl) 
transcripts in S. viridis showing differential expression of Csl genes through internode develop-
ment. An average of four biological replicates ± SE are displayed in the meristematic, cell elonga-
tion, transitional and mature zones of the internode. Data was obtained from Martin et al. (2016)
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exhibit high levels of expression and substantial Log2 fold changes in the transi-
tional and maturing regions of the internode, consistent with these glycosylases 
being involved in elongation of the xylan backbone. Similarly, a number of mem-
bers of the GT family 8 increase strongly in expression in these same regions, 
consistent with their purported role in xylan backbone substitution (Rennie and 
Scheller 2014).

13.5.3  Setaria Lignin Biosynthesis Genes

The genes encoding the ten enzymes participating in catalytic steps of lignin bio-
synthesis (See Fig. 13.7) are well known (Vanholme et al. 2010). The most highly 
expressed representatives of each group in Setaria are illustrated in Fig. 13.8. All of 
the Setaria lignin biosynthesis genes analysed here are considered to be ‘highly 
enriched in the internode’ in that the Log2 fold expression is many times higher than 
expression of the same gene in a ‘whole plant’ transcriptome analysis encompassing 
multiple tissues across three developmental stages of growth, namely seed germina-
tion, vegetative growth and reproduction (Xu et al. 2013).

Fig. 13.7 The lignin biosynthesis pathway. This model depicts the ten enzymatic steps leading to 
monolignol synthesis. The hydroxycinnamyl alcohols produced, Guaiacyl, ρ-Hydroxyphenyl and 
Syringyl polymerise to form lignin. The enzymes and abbreviations are: phenylalanine ammonia 
lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), hydroxycinnamoyl 
CoA:shikimate transferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeoyl CoA O-methyl-
transferase (CCoAOMT), cinnamyl CoA reductase (CRR), ferulate 5-hydroxylase (F5H), caffeic 
acid O-methyltransferase (COMT) and cinnamyl alcohol dehydrogenase (CAD). Modified from 
Sattler and Funnell-Harris (2013)
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13.6  Transcript Profiling of Carbon Demands

An overview of the levels of cell wall gene transcripts and other genes associated 
with the partitioning of photoassimilate (see Fig. 13.1) within the context of a devel-
oping S. viridis internode was recently published (Martin et al. 2016).

As expected, within the developing internode, the ‘meristematic zone’ and ‘cell 
expansion zone’ showed gene expression related to metabolism/energy production, 
some aspects of cell wall synthesis, namely callose synthases, hemicellulose synthesis 
via GT families and AGPases implying starch accumulation. Plasmodesmatal proteins 
were active, which indirectly implied that the carbon source was predominantly sug-

Fig. 13.8 Expression profile of genes encoding enzymes involved in lignin biosynthesis in an 
elongating internode of Setaria. RNAseq reads per kilobase per million reads (RPKM) expression 
levels of identified lignin biosynthesis enzyme transcripts in S. viridis showing maximal expres-
sion in the transitional zone of the developing internode. Phenylalanine ammonia lyase (PAL), 
cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), hydroxycinnamoyl 
CoA:shikimate transferase (HCT), p-coumarate 3-hydroxylase (C3H), caffeoyl CoA 
O-methyltransferase (CCoAOMT), cinnamyl CoA reductase (CRR), ferulate 5-hydroxylase 
(F5H), caffeic acid O-methyltransferase (COMT) and cinnamyl alcohol dehydrogenase (CAD). 
An average of four biological replicates ± SE are displayed in the meristematic, cell elongation, 
transitional and mature zones of the internode. Data was obtained from Martin et al. (2016)
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Fig. 13.9 Schematic model of carbon demands during internode development based on transcrip-
tomic analysis. A schematic pathway of carbon import into the developing S. viridis fifth internode, 
showing gene expression relating to the three major demands on carbon supply. Genes were 
assigned into categories (as labelled on the diagram) and their expression values were displayed as 
squared log2 fold change from the squared average of the four internode zones for each gene. 
Up-regulated genes are shown in blue, whilst down-regulated genes are in red. MLG mixed link-
age glucans, RS raffinose synthase, PDLP plasmodesmata localised proteins, SWEET sugars will 
 eventually be exported transporters, CWI cell wall invertase, HT hexose transporters, PLT polyol 
transporters, SUT sucrose transporters, CI cytosolic invertases, HK hexokinase, FK fructokinase, 
FPBase fructose-1,6-bisphosphatase, F6P fructose-6-phosphate, PFK phosphofructokinase, 
AGPase glucose-1-phosphate adenylyltransferase, UGD UDP-glucose 6-dehydrogenase, UGPase 
UDP-glucose phosphorylase, G6PI glucose-6-phosphate isomerase, PGM phosphoglucomutase, 
SPP sucrose phosphate phosphatase, SPS sucrose phosphate synthase, Susy sucrose synthase, TMT 
tonoplast membrane transporter, CWPS cell wall precursor synthesis, CWP cell wall protein, PAL 
phenylalanine ammonia-lyase,C4H cinnamate-4-hydroxylase, 4CL 4-hydroxycinnamate CoA 
ligase, HCT hydroxycinnamoyl transferase, C3H coumarate 3-hydroxylase, CCR cinnamoyl-CoA 
reductase, CCoAOMT caffeoyl CoA 3-O-methyltransferase, COMT caffeic acid O-methyl-
transferase, F5H ferulate 5-hydroxylase, CAD cinnamyl alcohol dehydrogenase, CSLAnH cellu-
lose synthase-like A-H, CesA cellulose synthase complex, GT glycosyltransferase, PME pectin 
methylesterase, PS pectin synthesis, SE sieve element, CC companion cell. Blue and purple dots 
are representative of sugar flow. (a) Meristematic Zone; (b) Cell Expansion Zone; (c) Transition 
Zone; (d) Mature Zone. Reproduced from Martin et al. (2016)

ars imported through symplasmic connections from sieve elements containing sugars 
delivered to the growing sink tissue by bulk flow (Fig. 13.9).

The major carbon demand in the ‘transitional zone’ of the internode shifted to 
cell wall synthesis, specifically lignin, cellulose, cell wall proteins and some GT 
families (hemicellulose synthesis). UDP-glucose 6-dehydrogenase (UGD) and cell 
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wall precursor synthesis (CWPS) proteins were highly expressed showing how car-
bon from UDP-glucose pools is directed into cell wall synthesis at this stage of 
internode development, where cell expansion ceases and extensive deposition of 
secondary cell walls occurs (Fig. 13.9).

In the ‘mature zone’ of the developing internode, the cell walls are now thick-
ened secondary walls, and the internode can realise its capacity for sugar accumula-
tion. This is indicated by the expression of sugar transporter genes from the polyol 
transporter (PLT), hexose transporter (HT), sucrose effluxer (SWEET) and sucrose 
transporter (SUT) families. Photosynthesis genes are also active in this mature 
region, indicating an additional carbon source that does not require long distance 
transport of sugars. Tonoplast monosaccharide transporters (TMTs) also show 
increased expression in this zone indicating their role in sugar storage within vacu-
oles in mature internodes (Fig. 13.9).

This recently published overview of carbon partitioning within a developing 
internode provides a valuable platform for gene discovery; not only identifying gene 
families that are active at different stages of internode development, but also allow-
ing identification of the dominant isoforms from each family for genetic manipula-
tion and further experimental study of internode development in a C4 grass.

13.7  Germplasm to Support the Molecular Dissection 
of Plant Cell Wall Components in Setaria

We assembled 214 ecotypes of Setaria from around the world and evaluated them 
in a glasshouse experiment for agronomic traits and percent lignin. The plants were 
grown under controlled conditions 24 °C/20 °C day/night temperature in 2013. 
There was large variation for all traits measured (Table 13.2) including height, 
maturity (anthesis), number of internodes, biomass, stem width, tiller number, 
 number of leaves and percent lignin. Not surprisingly, biomass and other growth 

Table 13.2 Mean, minimum and maximum values for several attributes measured in 214 Setaria 
italica germplasm lines grown in a controlled environment glasshouse at The University of 
Newcastle, NSW Australia in 2013

Attribute Mean Minimum Maximum

Height (mm) 1276.0 110.0 2673.0

Maturity (days to anthesis) 69.2 30.0 201.0

Number of internodes 10.3 3.0 19.0

Biomass (g dry weight) 3.8 0.04 15.9

Stem width (mm) 10.7 3.0 19.0

Number of tillers 2.5 1.0 21.0

Number of leaves 22.3 5.0 72.0

Percent lignin 20.3 16.6 23.8
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attributes such as stem width and number of internodes were positively correlated 
to height and maturity (see PCA in Fig. 13.10; a narrow angle between vectors is 
indicative of high correlation). To a lesser extent percent lignin was also positively 
correlated to height and maturity whilst tiller number and leaf number traits in this 
germplasm set were independent of height and maturity.

With respect to percent lignin, the germplasm could be broadly divided into two 
groups, South Asia and North East Asia. Germplasm from South Asia (India, 
Bangladesh) was generally later maturing and had higher percent lignin compared 
to the group from North East Asia (China, Taiwan, Japan, Russia) that were earlier 
maturing and had lower percent lignin. Nevertheless, germplasm within the same 
maturity group varied greatly for percent lignin, and this material could be exploited 
to study lignin deposition.

13.7.1  Techniques for the Analysis of Setaria Cell Wall Traits

To characterise the genetic factors that contribute to variation in cell wall traits, 
robust phenotyping systems are needed. Identification of traits that enhance the con-
version potential of plant biomass into liquid fuels requires screening of thousands 

Fig. 13.10 Geographical relationship to physiological attributes of Setaria genotypes. Principal 
component analysis (PCA) of physiological attributes, including lignin composition of stem tissue 
categorised by geographical origin of 214 Setaria italica germplasm lines collected from around 
the world. The trial was conducted at the University of Newcastle, NSW Australia under controlled 
temperature of 24/20 day/night and natural day-length (10.5–14.5 h)
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of genetic variants. Phenotyping systems that are accurate, low cost and high- 
throughput are needed. Examples of phenotyping systems include enzymatic assays 
to evaluate saccharification efficiency of biomass, chromatographic tools to identify 
differences in composition of cell walls and spectroscopic methods such as near- 
infrared (NIR), Fourier-transform infrared (FTIR) and pyrolysis molecular beam 
mass spectroscopy (Torres et al. 2015). These techniques are combined with con-
ventional chemical assays to analyse a set of samples and build calibration models 
to link compositional information with spectral variation (Martin et al. 2013). These 
models and screening tools are then used to efficiently predict the biochemical 
properties of unknown samples based on their spectral fingerprint.

13.7.2  Fourier Transform Infra Red Spectroscopy: Application 
of a Robust Tool for Cell Wall Characterisation

Infrared (IR) spectroscopy can be readily applied as a rapid non-destructive tool for 
the investigation of cell wall composition in eudicots and monocot grasses. IR spec-
troscopy measures the transitions between molecular vibrational energy states as a 
result of absorption of mid-IR radiation. The vibrational energy levels are unique to 
each molecule and the frequencies of these molecular vibrations depend upon 
atomic mass, the geometric arrangement of the atoms and the strength of their 
chemical bonds (Larkin 2011). Mid-infrared (MIR) absorption spectra (4000–
400 cm−1; 25,000–2500 nm) provide characteristic fundamental vibrational modes 
directly, generating sharp peaks that are more readily interpreted than near-infrared 
(NIR; 13,000–4000 cm−1; 700–2500 nm) or far-infrared (FIR; 10–400 cm−1) spectra 
which reflect the broad overtones or combined bands of fundamental vibrations 
(Larkin 2011).

Although Fourier Transform MIR (FT-MIR or FTIR) spectra have been used in 
the analysis of plant cell walls for more than 30 years (Morikawa and Senda 1978), 
the power of this tool has only been realised more recently, when coupled with mul-
tivariate data analysis techniques. FTIR spectroscopy is a robust and accurate 
method for high-throughput screening of cell wall mutations in experimental plant 
tissues, such as the model species Arabidopsis thaliana (Mouille et al. 2003) and 
Zea mays coleoptiles (Carpita et al. 2001). In Sorghum, variation in the cell wall 
composition of a range of phenotypically different ecotypes grown in the field was 
identified following Principal Component Analysis (PCA) of FTIR spectra gener-
ated from ground stem samples (Fig. 13.11). The PCA separation of the different 
Sorghum ecotypes (Fig. 13.11b) is based predominantly upon the wavenumbers 
corresponding to cellulose and lignin as shown in Fig. 13.11c. Total lignin content 
was measured by the Acetyl Bromide method (Fig. 13.11d), validating the differ-
ences in cell wall composition, particularly lignin, predicted by FTIR and PCA.
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Fig. 13.11 Principal component analysis (PCA) of FTIR spectra collected from Sorghum bicolor 
accessions grown under field conditions. (a) Second derivative spectra with extended multiplica-
tive scatter correction (EMSC) applied; Inset highlights the differences between accessions at 
wavenumbers 1587 and 1604 cm−1 (total lignin). (b) Scores plot of PC1 against PC2 (c) PC1 load-
ings plot showing the main peaks contributing to PC1 and (d) Total lignin as determined by the 
Acetyl Bromide method (Martin, Byrt, Furbank and Grof; unpublished) Accession names are 
IS20963, 92471, AF286R, R99 and Rio

13.7.3  Development of a Partial Least Squares (PLS) Model 
to Predict Cell Wall Composition in Setaria

FTIR has also been used as a tool to assess Setaria as a model for unravelling  
the complexity of cell wall composition, assembly and subsequently deconstruction 
in grasses. Drawing upon a set of 214 S. italica accessions a prediction of total lig-
nin was made with an accuracy of close to 90 % using FTIR spectra (Fig. 13.12). 
This research is currently being extended to incorporate the prediction of the full 
gamut of carbohydrate components making up Setaria cell walls following 
hydrolysis.

13.8  Conclusion

The gene regulatory network controlling cell wall synthesis and modification in the 
developing Setaria stem internode is not yet known. One strategy to identify this 
network is gene expression profiling. In addition to the genes involved in the 
 biosynthesis of components of the cell wall, there are also upstream transcription 
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factors influencing cell wall biosynthesis. Identification and verification of these 
‘master regulators’ in grasses is lagging behind relative to information about model 
eudicot species. We have reported a high-throughput experimental platform that 
will aid in the discovery of key genes involved in photoassimilate partitioning in the 
largest contributor to monocot plant biomass, the culm. This experimental platform 
includes Setaria gene expression analysis and characterisation of differences in bio-
mass composition of Setaria stems using FTIR. The genetic co-linearity of grasses 
(Devos 2005) ensures that orthologues of key candidate genes identified in Setaria 
can be rapidly identified in the closely related annual or perennial C4 monocot spe-
cies including economically important crop plants such as maize and Sorghum.
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Chapter 14
Setaria Root–Microbe Interactions

Fernanda Plucani do Amaral, Beverly Jose Agtuca, and Gary Stacey

Abstract Plants interact with a wide range of soil microorganisms. In some cases, 
this interaction can result in significant benefits to both microbe and plant host. For 
example, it is well established that some soil bacteria promote the growth of plants, 
which can result in significant increases in crop yield. The effects of such “plant 
growth-promoting rhizobacteria” (PGPR) has been demonstrated with a wide vari-
ety of plant species. However, the molecular mechanism behind this growth promo-
tion is still largely undefined. As demonstrated in other experimental systems, we 
believe that adoption of a model plant species for study of PGPR–plant interactions 
would promote detailed mechanistic studies and ultimately lead to broader and 
more effective use of such bacteria in agricultural production.

Keywords Rhizosphere microbiota • Plant growth-promoting bacteria • Setaria 
viridis • Grass model system • Root bacteria interaction

14.1  Introduction

The rhizosphere, the narrow region of soil that surrounds and is influenced by the 
plant root, is home to a wide range of microbes. These microbes interact naturally 
between themselves, as well as with the plant, forming a close and complex com-
munication network. For instance, this communication network can influence the 
host plant’s growth, nutrition, and health (Bonfante and Anca 2009; Mendes et al. 
2011; Berendsen et al. 2012). The rhizosphere microbiota can also increase the 
biomass and composition of plant communities, as well as plant interactions with 
antagonistic and mutualistic symbionts in natural ecosystems (Kardol et al. 2007; 
Schnitzer et al. 2011). However, the molecular mechanisms defining how these 
microbes interact with plants are still unclear. Some insights have come from studies 
of model C3 plant species, such as rice (de Souza et al. 2013; de Brito Ferreira et al. 
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2014) and Arabidopsis (Bulgarelli et al. 2012; Lundberg et al. 2012; Bodenhausen 
et al. 2013), as well as a few C4 plant species including maize (Amaral et al. 2014; 
Li et al. 2014) sorghum (Gopalakrishnan et al. 2013), switchgrass (Mao et al. 2014), 
and sugarcane (Oliveira et al. 2009; Vargas et al. 2014).

With regard to C4 plant species, the suggestion has been made that Setaria viridis 
is a potentially excellent model due to its short life cycle, small stature, large seed 
production, small genome size, and potential for genetic transformation (Li and 
Brutnell 2011; Kumar et al. 2013; Jiang et al. 2013). In addition to supporting 
genetic and molecular studies, S. viridis also has the potential to serve as a useful 
model to explore the molecular details of rhizosphere microbe colonization, infec-
tion, growth and maintenance, and plant growth promotion and maintenance. There 
is great interest, for example, in using plant growth-promoting rhizobacteria for 
sustainable agricultural production, especially for bioenergy crops. Such uses could 
contribute to mitigation of climate change effects. In order to fully implement such 
strategies, much more needs to be known about the ecology, composition, dynam-
ics, and activities of rhizosphere microbial communities; information that could be 
more rapidly and efficiently obtained through widespread adoption of a plant model. 
There are strong arguments that S. viridis can and should fulfill this role.

14.2  Plant–Rhizosphere Microbiota Interactions

Root growth and activity can change the physical, chemical, and biological proper-
ties of the rhizosphere. It is well known that root exudation plays an important role 
in the establishment of plant–microorganism interactions. These exudates provide a 
wide variety of organic compounds that can act as signaling molecules, nutrients, 
inhibitors (e.g., phytoalexins), phytohormones, enzymes, or allelochemicals 
(Nannipieri et al. 2007). These compounds allow the root system to impact the rhi-
zosphere microbiota, allowing them to interact and display fundamental roles of 
recognition and colonization (Grayston et al. 1997). Plant exudates can serve as a 
carbon source for the microbes, as well as attracting phytobeneficial soil microbes, 
whose presence influences plant development (e.g., rooting patterns), nutrient avail-
ability, and pathogen persistence in the rhizosphere (Bolton et al. 1993; Bowen and 
Rovira 1999; Barea 2000; Haichar et al. 2008, 2014). Root exudation also provides 
physical benefits to the plant such as a reduction in root desiccation, reduction of 
friction between root tips and soil, and improvement of the structural stability of soil 
(Rougier and Chaboud 1985). Thus, it is now clearly established that root exudation 
is an important mediator in belowground plant–microorganism interactions in the 
rhizosphere. However, it is important to consider that the rate, composition, and 
extent of exudations depend on genetic factors and differ extensively among plant 
species and environmental conditions (Kochian et al. 2005).

There are many biotic and abiotic factors that can affect microbial community assem-
bly in the rhizosphere. Many studies have shown that “soil properties,” as an example of 
an abiotic factor, influences the assembly of bacterial communities in the rhizosphere, 
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plant physiology, and root exudation patterns (de Ridder-Duine et al. 2005; Andrew 
et al. 2012; Inceoglu et al. 2012). This is due to the soil’s complex physicochemical 
characteristics such as pH, salinity, texture, organic matter content, concentration of 
nutrient elements, and seasonal effects, as well as management practices like irrigation, 
tillage, cropping, fertilizer and pesticide application, and residue incorporation (Grayston 
et al. 1997; Macdonald et al. 2004; Fang et al. 2005; Ibekwe et al. 2010). Studies using 
sequence-based analyses of the rhizosphere microbiome of different A. thaliana eco-
types demonstrated that the soil type had a significant influence on microbiota composi-
tion (Bulgarelli et al. 2012; Lundberg et al. 2012). The microbial community in the 
rhizosphere of maize plants is also influenced by soil type (Chiarini et al. 1998). The 
plant genotype can significantly influence the composition and activity of rhizosphere 
bacteria. It can also affect root morphology, as well as the amount and type of root exu-
dation (Bergsma-Vlami et al. 2005; Pivato et al. 2007; Bressan et al. 2009; Ladygina and 
Hedlund 2010). Such differences have been found in comparisons between plant spe-
cies, as well as different genotypes of the same species (Inceoglu et al. 2012; Hardoim 
et al. 2011; Mazzola et al. 2004; Yao and Wu 2010). An example is the characterization 
of the rhizosphere microbiota of three wheat cultivars grown at two distant field sites. 
The results showed that microbial community composition was dependent on the culti-
var (Siciliano et al. 1998). In contrast, different maize cultivars did not show any signifi-
cant difference in bacterial community structures (Chiarini et al. 1998; Dalmastri et al. 
1999). Plant age and developmental stage can also affect the diversity of the rhizosphere 
microbial community (Inceoglu et al. 2012; Brimecombe et al. 2001; Dumbrell et al. 
2011). A young plant contains r-strategy organisms in the rhizosphere, bacterial species 
that have fast growth rates, while an older plant has k-strategy organisms, bacterial spe-
cies that have slower growth rates in the rhizosphere (Brimecombe et al. 2001; Folman 
et al. 2001). Overall, it may be said that plant–rhizosphere microbiota interactions and 
diversity are determined by many interrelated biotic and abiotic factors.

Such genotype-specific effects on rhizosphere microbial populations have also 
been noted in studies using S. viridis. Li et al. (2014) studied root biomass and colo-
nization of S. viridis inoculated with deleterious rhizobacteria, showing that soils 
with differing pH and amounts of organic matter impacted Setaria growth relative to 
uninoculated controls. More recently, Pankievicz et al. (2015) screened over 30 gen-
otypes of S. viridis for their response to inoculation with two Plant Growth-Promoting 
Rhizobacteria (PGPR) in comparison to uninoculated controls. This screen identi-
fied only three genotypes that significantly and consistently responded to inocula-
tion. Therefore, as in other studies, the S. viridis rhizosphere microbiota is influenced 
both by plant genotype and soil type.

14.3  Beneficial Bacterial Interactions

Beneficial interactions between plant and microorganisms include intimate, symbi-
otic associations (e.g., rhizobia and mycorrhizae), as well as less intimate interactions 
(e.g., with PGPR) (Walker et al. 2012). These interactions can be harmful, neutral, 
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or beneficial according to how they impact the plant. Among the beneficial plant 
bacterial associations, PGPR stand out due to their ability to enhance plant growth 
(Martinez-Viveros et al. 2010; Prashar et al. 2014). PGPR can act as (1) bioprotec-
tants, (2) biostimulants, and/or (3) biofertilizers (Murphy et al. 2000; Zamioudis 
and Pieterse 2012). As bioprotectants, PGPR can control plant diseases (Zehnder 
et al. 1997) and induce a systemic resistance response in the plant that is naturally 
effective against multiple pathogens (Cameron et al. 1994), insect pests (Wei et al. 
1996), fungi (Hu et al. 2009), bacteria (Burkett-Cadena et al. 2008; Spaepen et al. 
2008), and nematodes (Spaepen and Vanderleyden 2011). As biostimulants, PGPR 
are able to produce phytohormones such as auxin, abscisic acid, and cytokinin 
(Steenhoudt and Vanderleyden 2000; Okon and Labanderagonzalez 1994). These 
phytohormones can significantly impact the plant root system, for example, stimu-
lating root elongation and branching (Dobbelaere et al. 2001).

As biofertilizers, PGPR enhance the plant’s ability to uptake nutrients, and 
thereby increase crop yields (Glick 1995; Berg 2009). There are many examples of 
PGPR directly increasing crop yields including Enterobacter sp. in maize, 
Gluconacetobacter diazotrophicus in sugarcane, Burkholderia sp. in rice and maize, 
Herbaspirillum seropedicae in rice, sugarcane, and wheat, and Azospirillum brasi-
lense in maize, sorghum, wheat, and pearl millet (Carvalho et al. 2014). What is less 
clear is the mechanism by which PGPR increase crop yields. For example, in some 
cases these effects have been attributed to biological nitrogen fixation (BNF) (Mitter 
et al. 2013) or phosphate solubilization (Rodriguez and Fraga 1999). A BNF ability 
seems to be rather common among PGPR, and it is presumed that this fixed nitrogen 
is ultimately available to increase plant growth (Mitter et al. 2013). Given that nitro-
gen is often a limiting nutrient in soil, BNF ability can be an important source of 
nitrogen input in agricultural systems; such as is the case for the legume-rhizobium 
symbiosis. Also common among PGPR is the ability to solubilize phosphate. 
Examples include Azospirillum, Burkholderia, and Enterobacter that can convert 
insoluble phosphorous into a soluble form through acidification due to secretion of 
organic acids. These bacteria can significantly improve the phosphate nutrition of 
the colonized host plant (Santi et al. 2013; da Costa et al. 2013).

14.4  The Case for a Plant Model to Study the Mechanisms 
of PGPR Action

As discussed above, there are a variety of possible ways by which PGPR might 
promote plant growth but there are few examples in which the actual mechanism 
has been elucidated beyond the level of initial observation. Biological nitrogen fixa-
tion is an excellent example in which the ability of PGPR to fix nitrogen has been 
well established, as well as the ability to conduct BNF in planta. However, less clear 
is the actual ability of the plant to benefit from this fixed nitrogen. This and other 
examples point to the need for a genetically tractable model system in which the 
mechanism of action of PGPR can be studied in detail. Arabidopsis is clearly one 
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choice for such a model. However, given the expected application of PGPR in grass 
cropping systems (e.g., bioenergy crops), it seems wise to also consider a C4 grass 
species. It is for this reason that Pankievicz et al. (2015) recently adopted S. viridis 
as a model to study the interaction with two well-characterized PGPR species, 
Herbaspirillum seropedicae and Azospirillum brasilense. Plants inoculated with H. 
seropedicae RAM4, expressing the DsRed fluorescent protein (Monteiro et al. 
2008), showed that this bacteria colonizes the intercellular spaces of S. viridis roots, 
forming micro colonies, preferentially at sites of lateral root emergence. Indeed, 
expression of β-glucuronidase from a nifH-gusA fusion in A. brasilense strain FP2-7 
(Machado et al. 1991) showed S. viridis root colonization by this bacterium and also 
nitrogenase gene expression, primarily on the surface of roots tips and the elonga-
tion zone. H. seropedicae, isolated from rice, is a well- characterized endophytic and 
diazotrophic bacteria that can internally colonize the roots of a variety of plant spe-
cies without causing visible, harmful effects (Baldani et al. 1992; Pedrosa et al. 
2011). In contrast, A. brasilense, isolated from wheat and maize, has been shown to 
primarily colonize the exterior of plant roots (Tarrand et al. 1978; Bashan et al. 
2004; Xu et al. 2013). Figure 14.1 illustrates the pattern of bacterial colonization of 
both the exterior and internal spaces of S. viridis roots. Besides colonization, 
Pankievicz et al. (2015) demonstrated that inoculation with both H. seropedicae and 
A. brasilense promoted plant growth as measured by a variety of parameters (e.g., 
root length and total biomass).

Fig. 14.1 Colonization on Setaria viridis roots by diazotrophic PGPR. Rhizoplane bacteria (green 
cells) colonize the soil area and the root surface without invading the root’s internal tissues. In 
contrast, endophytic bacteria (red cells) have the ability to colonize the intercellular spaces of the 
host’s root. Endophytic bacteria penetrate their hosts through the discontinuities of the epidermis, 
such as sites of lateral root emergence
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14.5  Setaria Root Bacteria Interaction

C4 plants, such as maize and sorghum, usually have a higher water and nitrogen use 
efficiency and photosynthetic efficiency compared to C3 plants (Xu et al. 2013). 
These factors can increase overall crop productivity of many important food crops 
and bioenergy grasses (Brutnell et al. 2010; Sage et al. 2012).

Setaria viridis (green foxtail), the weedy relative of S. italica (foxtail millet), 
also possesses attributes suitable for genetic analyses including a small stature, 
rapid life cycle, prolific seed production, and a relatively small and sequenced 
genome (Bennetzen 2012). Setaria species are also morphologically similar to most 
Panicoideae grasses, including potential biofuel feedstocks, such as switchgrass 
(Panicum virgatum) and Miscanthus (Miscanthus giganteus) (Brutnell et al. 2012). 
Therefore, understanding the mechanisms underpinning growth promotion by bac-
teria associations in this C4 model grass system could have far reaching benefits to 
both food and bioenergy production.

The relationship between Setaria and bacteria of the genus Azospirillum has previ-
ously been exploited in studies of nitrogen incorporation. Raffi et al. (2012) isolated 20 
Azospirillum spp. from the roots and soil of foxtail millet. All of these culture isolates 
were found to be diazotrophic suggesting the potential for high levels of nitrogen input 
from BNF. Among the 20 isolates, the most common species was Azospirillum 
lipoferum. Indeed, inoculation of Setaria with A. brasilense was found to significantly 
increase the dry weight of roots and shoots under nitrogen limiting growth conditions 
Okon et al. (1983). The authors used 15N2 to demonstrate that approximately 5% of the 
nitrogen fixed by A. brasilense was incorporated into S. italica roots. In agreement, 
Pankievicz et al. (2015) used 13NN radioisotope labeling to estimate that approximately 
7 % of the nitrogen fixed by A. brasilense and H. seropedicae, was incorporated by the 
plant. Indeed, the 13N label could be directly traced to plant protein (i.e., ribulose 1,5 
bisphosphate carboxylase). However, inoculation of S. viridis with A. brasilense strain 
HM053 (Machado et al. 1991), which fixes higher levels of nitrogen and excretes 
ammonia, resulted in fixation at levels that could provide 100 % of the daily nitrogen 
demands of the plant. This was reflected by the very robust growth of plants inoculated 
with strain HM053 under nitrogen limiting conditions. This study clearly demonstrated 
the utility of S. viridis to study BNF by PGPR, setting the stage for more mechanistic 
studies.

Bacterial root colonization involves migration towards the plant roots, absorp-
tion and anchoring onto the root surface, as well as subsequent bacterial prolifera-
tion (Reinhold et al. 1986; Compant et al. 2010). These steps might be stimulated 
by the direct promotion of root growth and branching by PGPR. For example, roots 
of S. viridis inoculated with PGPR, growing under severe nitrogen limitation, 
showed a 27 % increase in root length and 39 % increase in lateral root number rela-
tive to the uninoculated control plants Pankievicz et al. (2015). Indeed, plants grown 
under nitrogen starvation, when inoculated with A. brasilense strain HM053, 
showed an increase in growth parameters either without nitrate or with low nitrate 
addition (0.5 mM KNO3), as shown in the Fig. 14.2a and b.
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These results demonstrate the resistance and plasticity of Setaria root responses 
under stress conditions. The association with PGPR influenced the host’s ability to 
sustain healthy growth under nitrogen limitation, which clearly affected plant 
metabolism. For instance, CO2 fixation was increased in inoculated plants relative 
to controls (Pankievicz et al. 2015). In addition, PGPR inoculation directly impacted 
the relative levels of various metabolite pools such that inoculated plants under 
nitrogen limitation were more similar to plants grown under nitrogen sufficiency 
than to the uninoculated, nitrogen-deprived controls. Overall, these data suggest 
that beneficial bacterial associations play an important role in enhancing plant 
development not only in roots, but through whole plant effects on growth and 
metabolism.

Since Setaria is a weed, it could also be used to examine the ability of bacteria 
to act as a bioherbicide. For example, Pseudomonas fluorescens BRG100, isolated 
from the rhizosphere of S. viridis, demonstrated herbicidal activity through the 
production of secondary metabolites when tested on other gramineaceous weeds. 
The metabolites were found to suppress weed root growth, mainly reducing root 
length (Caldwell et al. 2012).

In general, Setaria roots demonstrate high plasticity and an easy adaptation to 
stressful environments, and maintain plant growth through different strategies. It seems 
that the root system uses different adaptive mechanisms that change architecture and 
physiological characteristics in order to survive. Even though Setaria is a small plant, 
it has the potential to become a robust model system to explore grass–microbe 
interaction mechanisms.

Fig. 14.2 Relative percentage of biomass improvement of S. viridis A10.1 plants, inoculated with 
A. brasilense strain HM053 grown under two different nitrate condition. (a) Inoculated plants 
grown without nitrate addition (No N) showed significant growth promotion in shoot, lateral root 
number, and seed production 30 days after inoculation. (b) Inoculated plants grown with low 
nitrate addition (0.5 mM KNO3) showed an increase in all growth parameters analyzed 30 days 
after inoculation. Asterisks represent a statistically significant difference *P value≤0.05; **P 
value≤0.01; ***P value≤0.001
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14.6  Conclusions

Beneficial plant-associated bacteria play a key role in supporting and increasing 
plant health and growth through mechanisms that remain largely undefined. 
Successful plant growth promotion is dependent on the genotype of the plant host 
and PGPR, as well as a variety of physicochemical parameters. Hence, it is often 
difficult to predict the success of PGPR inoculations from one field to the next. We 
believe that greater consistency in inoculant performance and plant growth promo-
tion will come when more is known about the mechanisms by which these interest-
ing bacteria colonize and affect plant growth and development. Past examples of the 
application of model organisms to studies of complex systems (e.g., yeast, 
Drosophila, Arabidopsis, and mouse) suggest that adoption of a plant model suit-
able for the study of PGPR would provide significant benefits. Given the importance 
of grass species, especially C4 grasses, to food and fuel production, S. viridis pro-
vides an attractive, genetically tractable model plant system. The available data sug-
gest that this plant is readily colonized both in the lab and field by PGPR and, under 
the appropriate conditions, can demonstrate a robust response to inoculation. These 
initial studies lay the groundwork for more detailed mechanistic studies that can 
eventually provide the understanding to allow greater use of PGPR in cropping 
systems with the ultimate goal of more sustainable and profitable agriculture.
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Chapter 15
Herbicide Resistance in Setaria

Henri Darmency, TianYu Wang, and Christophe Délye

Abstract The four documented cases of field selection for herbicide resistance in 
weedy Setaria are described in this chapter. In each case, weed control failure was 
observed in practice in the field. In all cases, resistance was target-site-based resis-
tance and was due to single nucleotide mutations causing amino-acid substitutions 
at codon 264 of psbA (photosystem II inhibitors), codons 136 and 239 of α2-tubulin 
(tubulin polymerization inhibitors), codon 1781 of acetyl-CoA carboxylase (acetyl- 
CoA carboxylase inhibitors), or codons 653 or 654 of acetolactate-synthase 
(acetolactate- synthase inhibitors). The heredity of resistance in these cases was 
maternal, nuclear recessive, nuclear dominant, or partially dominant, respectively. 
Pleiotropic effects of the mutant alleles were observed on seed production for the 
herbicide-resistant alleles Gly-264 of psbA and Ile-239 of α2-tubulin (22 % yield 
reduction for both alleles), but not for the Leu-1781 acetyl-CoA carboxylase allele. 
These alleles were introgressed in foxtail millet (S. italica) to develop herbicide- 
resistant genetic resources and germplasm with the aim to produce and release elite 
varieties of foxtail millet. This material was also used to study pollen dispersal and 
possible gene flow between weedy Setaria and cultivated foxtail millet.

Keywords Setaria • Millet • Foxtail • Weed • Herbicide • Resistance • Gene flow

15.1  Introduction

From the middle of the nineties, weed control in arable fields, roadsides, urban and 
industrial areas has most often relied upon herbicide spray. In various places 
where the same herbicide was continuously used, herbicide-resistant plants were 
selected and have caused trouble to farmers (Beckie and Tardif 2012; Délye et al. 
2013). Globally, there are 245 species that have evolved resistance to 22 of the 25 
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known herbicide modes of action, in 85 crops and in 66 countries (Heap 2015). 
Different mechanisms are responsible for resistance, an adaptive response of 
weeds to the herbicide selection pressure: (1) escape of the spraying period via 
modified phenology; (2) reduction in herbicide penetration through modified cuti-
cle properties; (3) altered translocation of the herbicide toward its target site; (4) 
sequestration of the herbicide away from its target site; (5) enhanced degradation 
of the herbicide; (6) mutation at the herbicide target site; (7) overproduction of the 
herbicide target site; and (8) compensation for deleterious effects of the action of 
the herbicide (Délye et al. 2013).

The Setaria genus also demonstrates herbicide resistance. While one species (S. 
italica, foxtail millet) is a staple crop in Asia and Africa, the most widespread Setaria 
species are serious arable weeds, possibly because their original natural habitats 
became cultivated or managed by human activities after the onset of agriculture: spe-
cies adapted to highly disturbed arable fields are indeed offered vast surfaces as 
potential habitat (Dekker 2004). Weedy Setaria include S. viridis (L.) P. Beauv. (green 
foxtail), S. verticillata (L.) P. Beauv. (bristly foxtail), S. faberi F. Hermann (giant 
foxtail), S. pumila (Poiret) Roemer & Schultes (syn. S. glauca) (yellow foxtail), and 
S. parviflora (Poir.) Kerguélen S. (syn. S. geniculata) (knotroot foxtail). As weeds, 
these species have been subjected to repeated selection by herbicides over broad areas 
and consequently have evolved herbicide resistance. Understanding the evolution of 
herbicide resistance is of scientific relevance because of the impact of this resistance 
in agriculture and because research addressing herbicide resistance mechanisms and 
evolution allows considerable insight into plant physiology and response to selection. 
In the first part, we review herbicide resistance cases reported in Setaria species, and 
their underlying genetics, mechanisms, and biological consequences. We analyze in 
particular the fitness cost, estimated by comparing resistant and susceptible material 
sharing a common origin (see Vila- Aiub et al. 2009 for a review). In the second part, 
we summarize the efforts implemented to transfer genes responsible for herbicide 
resistance to cultivated varieties of Setaria in order to facilitate weed control in those 
crops. Indeed, developing herbicide-resistant cultivars in “minor” crops could be a 
way to maintain the global diversity of cropping systems. The alternative would be 
laying aside these crops because they are often not considered profitable enough by 
agrochemical companies to foster the development of selective herbicides, and the 
cost and time required for mechanical or hand weeding render them unattractive to 
growers. As far as we know, introgressing herbicide resistance is one of the rare cases 
of using wild Setaria in foxtail millet breeding programs.

15.2  Herbicide Resistance in Weedy Setaria

The high variability described for the Setaria genus prompted early researchers in 
the field of herbicide-based weed control to investigate natural variation in sensitiv-
ity to herbicides. Variation in efficacy of the herbicide dalapon, a lipid synthesis 
inhibitor (Herbicide Resistance Action Committee (HRAC) group N), was observed 
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among various accessions of S. pumila and S. faberi, which could explain the 
reported variable efficacy in controlling these species in the fields (Santelmann and 
Meade 1961). Although they observed a lack of control for some populations that 
eventually produced seeds, the authors did not use the term “resistance” but referred 
to “variation of dalapon susceptibility.” Similarly, Oliver and Schreiber (1971) 
observed a differential efficacy of the two photosynthesis inhibitors herbicides atra-
zine and propazine (HRAC group C1) among S. viridis forms, including various 
forms corresponding to spp. pycnocoma (Steudel) Tzvelev. A relationship between 
variation in the capacity to metabolize herbicides and variation in sensitivity 
observed among the different S. viridis forms was subsequently established 
(Thompson 1972). Small (two- or three-fold) intraspecific differences in sensitivity 
to atrazine among populations were subsequently confirmed in S. viridis, S. adhae-
rens, S. verticillata, and S. pumila (De Prado et al. 1990; Wang and Dekker 1995). 
Similar resistance ratios were also observed for metolachlore, a cell division inhibi-
tor (HRAC group K3) in S. viridis and S. pumila (Wang and Dekker 1995). 
Intraspecific variation in herbicide detoxification could be at the root of these differ-
ences. However, all these cases of variation in sensitivity to herbicides were not 
related to a documented specific and repeated herbicide use of the herbicide and did 
not lead to weed control failure. As such, they did not fall within the definition of 
herbicide resistance in weeds (Heap 2015) and were considered representing the 
standing variation in sensitivity of the Setaria species. The four documented cases 
of resistance in Setaria are reported below in chronological order (Table 15.1). 
Rapid biological tests at the seed germination and seedling stage, as well as molecu-
lar tools, were set up to identify the resistant mutants (Fig. 15.1). Typical evolution 
of herbicide resistance had also been observed in response to a long and repeated 
use of acetochlor, a cell division inhibitor (HRAC group K3), but this case was not 
further investigated (Baeva 2007).

Table 15.1 Summary of the characteristics of the four documented herbicide-resistance cases in 
Setaria viridis and date of the first field record

Herbicide Date
HRAC 
group

S/R 
plant

S/R 
target 
site

Field 
rate Inheritance Gene

Codon 
substitution Fitness

Atrazine 1980 C1 >50 1000 5× Maternal psbA Ser264-Gly −22 %

Trifluralin 1987 K1 7 ND 0.6× Nuclear, 
recessive

α2-tubulin Leu136-Phe −20 %

Thr239-Ile

Sethoxydim 1990 A 2980 700 >2× Nuclear, 
dominant

ACCase Ile1781-Leu =

Imazethapyr 2001 B 182 260 >2× Nuclear, 
ND

ALS Ser653-Thr/
Asn/Ile

ND

Gly654-Asp

The R/S resistance factors (R/S ratio of the herbicide doses which cause 50 % mortality of a plant 
population or 50 % inhibition of growth or other vital physiological function) show the values 
expressed at the whole-plant level and at the target site (chloroplast or enzyme activity) recorded 
for the most resistant accession
ND not determined
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15.2.1  Resistance to Photosystem II Inhibitors

The triazine herbicide family (HRAC group C1) inhibits electron transfer at the 
photosystem II (PSII) level. Triazines were massively and repeatedly used to control 
weeds in maize monoculture during the seventies. Although Setaria species display 
some detoxification capacity against triazines (Gimenez-Espinosa et al. 1996), tri-
azine applications generally resulted in a nearly total control of these weeds. The 
first case of resistance to triazines in Setaria was observed in a maize monoculture 
in France, where plants surviving three-fold the atrazine field rate evolved in a S. 
viridis population that had been sprayed with this herbicide for 7 years (Gasquez 
and Compoint 1981). Similar resistance evolution was subsequently observed in 

Fig. 15.1 Examples of identification of herbicide-resistant plants using different types of assays. 
(a) Petri dish assay showing sensitive (left) and resistant (right) seedlings growing on a medium 
containing a tubulin polymerization inhibitor (HRAC group K1). Growth of sensitive seedlings is 
reduced with distorted shoot and roots, while growth of resistant seedling is unaffected. (b) Whole- 
plant spraying assay showing sensitive (left, killed) and resistant (right, unaffected) seedlings 10 
days after application of a commercial formulation of an acetyl-CoA carboxylase inhibitor (HRAC 
group A) at the 3–4 leaf stage. (c) Genotyping assay showing the detection of Leu-1781 ACCase 
mutant alleles using allele-specific PCR as described in Délye et al. (2002) (Ck, internal positive 
control (1087 bp); S, amplicon specific for ACCase alleles carrying a wild-type 1781 codon (Ile- 
1781, 677 bp); R, amplicon specific for ACCase alleles carrying an herbicide-resistant, mutant 
1781 codon (Leu-1781, 448 bp) [(c) reproduced with permission of Springer]
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Spain (De Prado et al. 2000) and Yugoslavia (Konstantinovic 2001) in S. viridis and 
in France in S. viridis spp. pycnocoma (Darmency and Pernès 1985). Other Setaria 
species were also involved: S. pumila in eastern Canada and Spain (Stepenson et al. 
1990; De Prado et al. 1989), and S. faberi in the USA and Spain (Ritter et al. 1989; 
De Prado et al. 2000). All these confirmed resistance cases evolved in fields grown 
with maize and with a long history of atrazine applications. Resistant S. viridis have 
also been found in French vineyards continuously treated with triazine herbicides 
(Darmency, unpublished). Resistant plants withstood up to ten times the herbicide 
field dose, a rate at which the maize crop is killed. Further investigation showed that 
photosynthetic electron transport was unaffected by the herbicide in the resistant 
plants, with a resistance factor (i.e., R/S ratio of the herbicide doses which cause 
50 % mortality of a plant population or 50 % inhibition of growth or other vital 
physiological function) ranging from 300 to 1000 as evaluated at the chloroplast 
activity level. A rapid and simple fluorescence test allowed easy resistance diagno-
sis (Gasquez and Compoint 1981; Ritter et al. 1989; De Prado et al. 1989, 2000).

Today, resistance to triazines has been reported in 72 weed species (Heap 
2015). Resistant plants showed target site-based resistance resulting from a muta-
tion at the herbicide-binding site, a chloroplast 32 kDa polypeptide called D1 and 
encoded by the chloroplastic gene psbA (see Tian and Darmency 2006 for a 
review). In most cases, this modification was a Ser-to-Gly substitution at amino-
acid residue 264 protein D1. This results in an altered conformation of the herbi-
cide-binding site on protein D1 causing a drastic reduction in herbicide binding. 
The Gly264 psbA allele was identified in the French accessions of S. viridis exhib-
iting resistance to triazines (Tian and Darmency 2006; Jia et al. 2007). Being chlo-
roplast encoded, triazine resistance is expected to be maternally inherited. This 
was confirmed by interspecific crosses between the sexually compatible and 
closely related species S. viridis and foxtail millet (S. italica): only hybrid progeny 
derived from S. viridis resistant mother-plants inherited resistance, and resistance 
did not segregate in the F2 generation (Darmency and Pernès 1985). However, 
maternal inheritance was not absolute. Analysis of >750,000 hybrid plants pro-
duced using a male sterile foxtail millet variety crossed with triazine-resistant S. 
viridis and confirmed as hybrids by reciprocal markers revealed pollen-mediated 
transfer of the chloroplast resistance gene: the sensitive female parent produced 
0.03 % resistant progeny.

The herbicide-resistant Gly264 psbA allele entails physiological consequences: 
a less efficient electron transport through the PSII and a series of functional and 
anatomical alterations of the chloroplast, which cause a strong fitness cost (Arntz 
et al. 2000). Fitness cost was not directly investigated in weedy Setaria. Analysis 
of a series of backcrossed progeny derived from a cross between triazine-resistant 
S. viridis carrying Gly264 psbA and foxtail millet showed that resistant BC2 prog-
eny had a lower rate of photosynthesis (CO2 fixation) than their sensitive counter-
parts (i.e., the reciprocal BC2) at 27 °C, a normal growth temperature for this 
summer growing plant. No difference was observed at lower temperatures 
(Ricroch et al. 1987). This could be due to a chlorophyll a/chlorophyll b ratio that 
was 10 % lower in the resistant S. viridis plants than in the sensitive plants 
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(Darmency et al. 1992). In field experiments, seed production of the resistant S. 
viridis plants was 22 % lower than that of the sensitive counterparts (Darmency 
and Pernès 1989). In greenhouse experiments, high plant density conditions fur-
ther decreased the relative productivity of the resistant S. viridis plants up to 65 % 
(Reboud and Till-Bottraud 1991).

15.2.2  Resistance to Tubulin Polymerization Inhibitors

The dinitroaniline herbicide family (HRAC group K1) inhibits cell division. At 
the end of the eighties, resistance to dinitroaniline herbicides evolved in several 
populations of S. viridis in the Canadian prairies that received at least 3–5 appli-
cations of these herbicides in 10 years (Morrison et al. 1989). S. viridis was the 
only Setaria species reported to have evolved a resistance to dinitroaniline lead-
ing to practical control failure. A rapid Petri dish bioassay allowed clear discrimi-
nation of resistant and sensitive young S. viridis seedlings on the basis of inhibition 
of radicle growth (Beckie et al. 1990). Segregation studies identified a 3:1/
sensitive:resistant ratio in the F2 generation derived from crosses between dini-
troaniline-resistant and sensitive S. viridis plants, showing that the resistance was 
under the control of a recessive nuclear locus (Jasieniuk et al. 1994). Resistance 
factors were moderate (c.a. seven- fold), but the resistant plants were cross-resis-
tant to all dinitroaniline herbicides (Beckie and Morrison 1993a, b) as well as to 
other unrelated tubulin-destabilizing drugs. This suggested that the resistant 
plants may contain an altered protein that stabilizes microtubule formation (Smeda 
et al. 1992). Tubulins are dimeric proteins consisting into one α and one β subunit 
that polymerize into microtubules (Breviario et al. 2013). Four tubulin genes (two 
α and two β) were identified in S. viridis (Délye et al. 2004). A Leu136-Phe or a 
Thr239-Ile substitution in the gene encoding the α2-tubulin was found responsible 
for resistance (Délye et al. 2004). Occurrence of two mutant α2-tubulin alleles 
was necessary to confer resistance, confirming the recessive status of this resis-
tance (Jasieniuk et al. 1994). Tridimensional modelling shed light on the stereo-
chemical organization of the α2-tubulin region involved in herbicide binding and 
tubulin polymerization (Délye et al. 2004). Allele-specific polymerase chain 
reaction (PCR) assays were set up to allow quick discrimination of the different 
α2-tubulin alleles (Délye et al. 2004, 2005).

Resistance to dinitroanilines was the first demonstrated case of recessive control 
of a resistance to herbicides in weeds. Recessive control is not favorable to the 
establishment of a resistance in the field. However, S. viridis is highly self-fertilized 
and produces huge number of seeds, a feature facilitating the emergence of homo-
zygous resistant plants. The frequency of dinitroaniline-resistant plants did not vary 
after 7 years with no dinitroaniline application, suggesting there was no substantial 
fitness penalty associated to this resistance (Andrews and Morrison 1997). However, 
the persistence of resistance could also be due to the long-term persistence of the 
herbicide in the soil and/or to a large resistant soil seed bank established during the 
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years S. viridis was not controlled. Indeed, comparison of dinitroaniline-resistant 
(Ile239 allele) and sensitive nearly isogenic Setaria material identified a reduction 
in seed production of about 20 % in the resistant lines (Darmency et al. 2011). This 
fitness cost was similar to that found for resistance to triazines and was confirmed 
by field experiments, where Ile239-dinitroaniline- and triazine-resistant lines tested 
together showed similar seed production (Wang et al. 2010a).

15.2.3  Resistance to Acetyl-CoA Carboxylase (ACCase) 
Inhibitors

The herbicides inhibiting ACCase (HRAC group A) specifically disrupt fatty acid 
biosynthesis in the Gramineae. Resistance to ACCase inhibitors evolved in the early 
nineties in several populations of S. viridis (Heap and Morrison 1996) and S. faberi 
(Stoltenberg and Wiederholt 1995) following the repeated (around seven times) use 
of these herbicides during one decade. Resistance increased rapidly in S. viridis in 
Canada. It was detected in 6 % of the fields sampled in a large survey in 2001–2003, 
and in 27 % of those sampled in 2007–2011 (Beckie et al. 2013). It was later found 
in Spain (De Prado et al. 2004). The resistant Setaria plants showed cross-resistance 
to the majority of ACCase inhibitors with various resistance factors, with particu-
larly high resistance levels to the herbicide sethoxydim (resistance factors ranging 
from 20 to 2900: Heap and Morrison 1996). The ACCase enzyme extracted from 
resistant S. viridis or S. faberi plants was much less sensitive to ACCase inhibitors 
than that from sensitive plants (Marles et al. 1993; Shukla et al. 1997; Volenberg 
and Stoltenberg 2002a; De Prado et al. 2004). Subsequent segregation studies using 
hybrid progenies obtained by crossing S. viridis and foxtail millet showed that resis-
tance to the ACCase inhibitor sethoxydim was due to a single, completely domi-
nant, nuclear locus (Wang and Darmency 1997b). Similarly, a single, nuclear, 
co-dominant locus controlled the response to the ACCase inhibitor fluazifop in S. 
faberi (Volenberg and Stoltenberg 2002b).

A point mutation causing an Ile1781-Leu substitution in the carboxyltransferase 
domain of the nuclear gene encoding the plastidic ACCase isoform was demon-
strated to be a cause for resistance to the ACCase inhibitors sethoxydim resistance 
in S. viridis (Délye et al. 2002). Other mutations that confer different patterns of 
cross-resistance have subsequently been identified in other grass weed species 
(Délye 2005; Beckie and Tardif 2012). Observation of different patterns of cross- 
resistance among S. viridis populations (Heap and Morrison 1996; Beckie et al. 
1999) most likely denotes the presence of mutant, herbicide-resistant ACCase 
alleles different from the Leu1781 allele or from other resistance mechanisms in 
this species. Complete proof that the Leu1781 allele does encode for resistance was 
provided by the transfer of the mutated gene sequence to maize through genetic 
engineering resulting in herbicide-resistance expression (Dong et al. 2011).

Using nearly isogenic plant material derived from interspecific crosses 
between S. viridis and foxtail millet, more vigorous juvenile growth in the field, 
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earlier flowering, a higher number of tillers and grains were recorded on the 
resistant plants carrying Leu1781 ACCase allele than on their sensitive counter-
parts (Wang et al. 2010b). The differences were exacerbated when both geno-
types were grown in mixture. The seeds of the Leu1781 ACCase plants were 
lighter than those of the sensitive plants although more abundant (Wang et al. 
2010b). Fitness of both genotypes over the whole life cycle was not different in 
a 3-year experiment when plots of mixed populations were left unmanaged, but 
an excess of Leu1781 ACCase plants was found in plots where low doses of tri-
fluralin herbicide (HRAC group K1, not related to the mode of action of ACCase 
inhibitors and ACCase resistance) created stressing conditions (Wang et al. 
2010b). Therefore, fitness neutrality or benefit of the Leu1781 ACCase allele (or 
of a closely linked gene) exists and was triggered by the habitat conditions (Wang 
et al. 2010b). This predicts a long and successful persistence of plants carrying 
Leu1781 ACCase in the field.

15.2.4  Resistance to Acetolactate-Synthase (ALS) Inhibitors

The herbicides inhibiting ALS (HRAC group B) disrupt the biosynthesis of 
branched-chain amino acids. Resistance to these herbicides evolved in several 
populations of S. viridis, S. pumila, and S. faberi in Canada and the USA at the 
end of the nineties after one or two yearly applications of these herbicides dur-
ing 4–9 years (Volenberg et al. 2001, 2002; Heap 2015). Dose-response experi-
ments on whole S. faberi plants showed resistance factors of about 10–20 that 
varied according to population and the herbicide (Volenberg et al. 2001). In 
vitro ALS enzyme assay showed that the enzyme of resistant S. faberi plants 
was resistant to herbicides. Resistance segregation in S. faberi showed a 1:2:1 
sensitive:intermediate:resistant segregation in F2, thus indicating that resistance 
was controlled by a nuclear semidominant locus (Volenberg et al. 2001). Since 
S. faberi is an allotetraploid (Benabdelmouna et al. 2001), it is likely that only 
one locus is involved here with simple disomic inheritance. Similar results were 
obtained for S. viridis, with resistance factors varying with the herbicide tested 
(Volenberg et al. 2002).

In other S. viridis populations, resistance was demonstrated to be due to mutant 
alleles encoding ALS enzymes carrying amino-acid substitutions that modified the 
herbicide-binding site (Laplante et al. 2009). Different substitutions were identified: 
Ser653-Thr, Ser653-Asn, Ser653-Ile and Gly654-Asp. They conferred different 
cross-resistance patterns to ALS inhibitors (Laplante et al. 2009). Recently, the first 
case of S. viridis with nontarget-site resistance has been identified for a population 
in maize in France (Délye, unpublished).

No report has been published to date for Setaria species on the possible conse-
quences on plant fitness of one mutant ALS allele. A few indications may be inferred 
from “herbicide-tolerant” crop cultivars carrying natural or induced similar muta-
tions: an Asn653 ALS allele is present in maize, rice, oilseed rape and wheat culti-
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vars of the brand Clearfield® and no any deleterious effect has been recorded on 
yield; similarly, there was no effect of this mutation on seed production in 
Arabidopsis (see Darmency 2013 for review).

15.3  Herbicide-Resistant Crop Varieties  
of Foxtail Millet (S. italica)

Breeding for herbicide resistance (sometimes referred to as “tolerance”) is a very 
recent trend in plant breeding. Demonstrating the single-gene control of resistance to 
triazines, i.e., a single gene controlling a drastic change in phenotype, was certainly 
a major incentive to this approach: breeders realized that a single gene could make 
herbicides selective for hitherto sensitive crop varieties, as illustrated for triazine- 
resistant oilseed rape (Beversdorf et al. 1980). This approach is particularly attractive 
considering the current lack of new herbicides released by the industry (Duke 2012). 
In addition, few herbicides selective for foxtail millet are marketed because this crop 
does not represent a market profitable enough to justify the expenses pertaining to 
herbicide development and commercial release. Accordingly, weed control remains 
one of the major issues when growing foxtail millet (Shanxi Academy of Agricultural 
Sciences 1987; Zhou et al. 2013). Herbicide-resistant foxtail millet cultivars were 
thus bred to overcome this situation. Since no herbicide-resistant germplasm was 
available for foxtail millet (Shanxi Academy of Agricultural Sciences 1987), herbi-
cide-resistant genotypes of the sexually compatible and closely related weed S. viri-
dis described in the preceding sections were used as a source for the resistance trait. 
At the same time, breeding herbicide-resistant foxtail millet aroused considerable 
concern about the potential dispersal of the genes endowing herbicide resistance 
back to weedy Setaria populations.

15.3.1  Introgression of Herbicide Resistance Genes

Triazine-resistant foxtail millet germplasm was first generated from an interspecific 
cross with S. viridis with the weed as the female in order to retain the chloroplast 
encoded Gly264 psbA allele conferring triazine resistance (Darmency and Pernès 
1985). Two backcross generations combined with morphological selection were 
enough to eliminate weedy traits and generate resistant foxtail millet germplasm 
(Naciri et al. 1992). High-yield foxtail millet lines were ultimately derived from 
these crosses (Ji et al. 2006; Shi et al. 2008) despite the fitness cost associated to 
Gly264 psbA.

Dinitroaniline-resistant germplasm was then generated. The recessive nature of 
resistance associated with the causal Ile239 α2-tubulin allele complicated the breed-
ing scheme. In addition, segregation distortion against homozygous mutant hybrid 
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progeny was observed with on average 15 % homozygous resistant progeny plants 
instead of the expected 25 % (Wang et al. 1996b). The segregation distortion was 
attributed to linkage of the Ile239 α2-tubulin allele with a modifier gene whose 
expression was only observed in the interspecific hybrids (Tian et al. 2006). It was 
inferred from alignment of the rice and millet genetic maps that the α2-tubulin gene 
belongs on linkage group IX, a chromosome that showed distorted segregation in an 
independent RFLP study (Wang et al. 1998). The linkage of the resistance gene with 
the putative gametophyte gene resulting in 69 % gamete viability could be broken in 
advanced backcross progeny (Tian et al. 2006). Resistant foxtail millet lines were 
further selected and a resistance pattern was observed that was similar to that 
observed for the original S. viridis genotype (Wang and Darmency 1997a). As the 
resistance factor obtained in the foxtail millet germplasm was not high enough to 
enable fully satisfactory weed control in the field, the Ile239 α2-tubulin foxtail mil-
let germplasm was not used for commercial release, but it was helpful to facilitate 
hybrid seed production as described below (Wang et al. 1996a).

Foxtail millet germplasm obtained by introgressing Leu1781 ACCase from S. 
viridis was used in a breeding program intended to release a series of commercial, 
herbicide-resistant cultivars. The resistance pattern observed in the S. viridis parent 
was transferred to the derived foxtail millet lines (Wang and Darmency 1998). 
Before the point mutation was elucidated, AFLP markers were developed to iden-
tify the mutation throughout the breeding scheme (Niu et al. 2002). The higher seed 
production associated to the Leu1781 ACCase allele is a desired herbicide-resistant 
resource for breeding, and was combined with a restorer for seed size in further 
crosses (Wang et al. 2000, 2010c).

Based on this research, Wang’s team at the Chinese Academy of Agricultural 
Science established a nation-wide cooperation network in China for the breeding of 
herbicide-resistant varieties in foxtail millet. A cooperative group distributed new 
and improved herbicide-resistant materials and breeding techniques to local breed-
ers to help further advance adoption of varieties. Millet breeders in different ecologi-
cal areas used existing commercial varieties that exhibited strong performance as the 
recurrent parent to improve herbicide-resistant materials for high yield and high 
herbicide resistance, and to generate lines that showed an aggregation of desirable 
traits. These methodologies effectively accelerated the breeding process of new vari-
eties and hybrids, and their application to the field. There are now presently 30 novel 
herbicide-resistant millet varieties/hybrid varieties registered at the national or local 
level in China. These new varieties are now being widely used in all three major 
millet-producing regions of China. Resistant varieties employed in the Mid- northern 
region of China include SR3522, Jigu 24, Jigu 25, Jigu 29, Changgu 2, and zhang-
zagu 3, those employed in the West-northern region include zhangzagu 3, zhangzagu 
5, zhangzagu 6, zhangzagu 9, Bagu 214, and Longgu 11, and the East- northern 
region relies heavily on zhangzagu 3 zhangzagu 5, Chizagu 1, and Jigu 24. Since this 
is a new technology, it is necessary to use a new way of promotion. Zhangjiakou 
Academy of Agricultural Sciences and allied teams established a novel system that 
connects millet breeding, planting, processing and marketing, which has achieved 
considerable positive social and economic influence (Li et al. 2014; Song et al. 
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2014). To date, all new herbicide-resistant millet varieties have demonstrated char-
acteristics such as efficient herbicide resistance, high and stable yield and strong 
adaptability. Since 2001, the newly-bred varieties/hybrids have been grown on more 
than 0.8 million hectares (customarily, foxtail millet acreage in China is 1–1.5 mil-
lion hectares each year). Some varieties were also trialled in a large area in Ethiopia 
and other Africa countries (Liu and Zhao 2012; Hao et al. 2013).

During the process, different types of herbicide resistance have been developed 
to secure the selection and production of hybrid varieties expressing heterosis and 
potentially having higher yield (Wang et al. 2000). The resistance traits to triazine 
(cytoplasmic inheritance) and dinitroaniline herbicides (nuclear recessive) were 
transferred to male sterility lines. Using these triazine-resistant male sterility lines 
and corresponding herbicides it is possible to simplify seed production procedures 
and improve seed production yield. In addition, the use of dinitroaniline-resistant 
male sterility lines would help to maintain line purity and to reduce outcrossing so 
that there would be less need to isolate the reproduction field. The resistance traits 
to herbicides inhibiting ACCase (nuclear dominant) combined with a restorer pro-
vides a mechanism to efficiently eliminate false positive hybrids (mixed mother 
parent seedling and weeds) (Wang et al. 2000, 2010c; Tian et al. 2010). The success-
ful breeding of various herbicide-resistant millet varieties has been instrumental in 
pursuing these objectives.

15.3.2  Gene Flow

Although Setaria species are primarily self-pollinated, pollen can move several 
dozen meters from the source plants and fertilize male-sterile as well as male-fertile 
plants (Wang et al. 1998, 2001). S. viridis ssp. pycnocoma is considered to be the 
result of ancient hybridization between S. viridis and foxtail millet (Darmency 2004). 
These species constitute a dynamic and evolving “weed-crop complex” (Darmency 
2004), and spontaneous crosses could have occurred reciprocally (Till- Bottraud et al. 
1992). Thus, when S. viridis grows close to foxtail millet, gene flow is unavoidable. 
Hybridization of other weedy Setaria species with foxtail millet is far less likely 
(Darmency and Dekker 2011). Average outcrossing rate for S. viridis plants planted 
0.25 m apart was 0.74 % (Till-Bottraud et al. 1992), and 0.48 % for S. faberi plants 
planted 0.36 m apart (Volenberg and Stoltenberg 2002b). Around 0.2 % interspecific 
hybrids were produced by S. viridis plants because of pollination by foxtail millet in 
field (row) conditions (Darmency et al. 1987; Till-Bottraud et al. 1992), and up to 
3 % hybrids were recorded when plants of the two species were grown in close mix-
ture (De Wet et al. 1979). Under commercial field conditions, the rate of hybrid 
produced by S. viridis pollinated by foxtail millet was lower, ranging from 0.039 % 
within the foxtail millet field to 0.002 % 20 m from the field (Shi et al. 2008). After 6 
years of testing, results show that the gene flow from cv. to wild population effec-
tively occurs in production condition but is manageable when the herbicide selection 
stops so that it can be controlled through crop and herbicide rotation.
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In Natura, hybrids of S. viridis and foxtail millet are expected to suffer a fitness 
penalty due to a mix of antagonistic wild and domesticated characters (i.e., flower-
ing synchrony, seed shedding, seed size, seed dormancy). Although no direct 
 estimate of the relative fitness cost of hybridization has ever been carried out, we 
indirectly calculated from our own experiments that F1 hybrids of S. viridis and foxtail 
millet produces 15–30 times less viable seeds than a S. viridis plant (Darmency, 
unpublished). However, in the subsequent generations, seed fertility is rapidly 
restored by back-cross with S. viridis, although the number of tillers remains low 
compared to S. viridis. In field experiments with a foxtail millet cultivar carrying the 
dominant Leu1781-ACCasa allele, only a slow increase in herbicide- resistant progeny 
(F1 and hybrid descendants of S. viridis) was observed during 4 years of herbicide-
free cultivation of the resistant cultivar (0.1 % after 4 years) (Shi et al. 2008). This 
proportion decreased rapidly in the absence of the resistant foxtail millet cultivar to 
reach 0.01 % within 2 years (Shi et al. 2008). Using herbicides to which resistance 
has been introgressed in foxtail millet is obviously expected to facilitate the selec-
tion of the resistant progeny of the hybrids, which would jeopardize the herbicide-
resistant cultivar strategy. For this strategy to be efficient, it is clearly necessary to 
closely monitor the increase in frequency of the resistance genes in weedy Setaria 
populations and, if possible, to alternate growing foxtail millet cultivars with resis-
tance to different herbicide modes of action in a given field.

15.4  Perspectives

Although weedy Setaria are widespread weeds, few Setaria populations evolved 
herbicide-resistance in comparison to other grass weed genera (e.g., Lolium, 
Alopecurus, Echinochloa, Poa: Heap 2015). Only four herbicide modes of action are 
affected by resistance in Setaria species. Non-target-site-resistance that is a major 
cause for resistance in other grasses (Beckie and Tardif 2012; Délye et al. 2013) has 
not been identified to date in Setaria, although some studies identified the potential 
for this non-target-site based resistance to evolve in Setaria (Santelmann and Meade 
1961; Oliver and Schreiber 1971; Thompson 1972; De Prado et al. 1990; Wang and 
Dekker 1995). This situation may be due to non-target-site based resistance having 
been overlooked by researchers that were more focussed on target- site- based resis-
tance. Non-target-site based resistance is largely considered to evolve by accumula-
tion of genes with additive effects in a same plant via sexual reproduction (Délye 
et al. 2013). The strong autogamy of the Setaria species may thus also be a reason 
for the absence of report of non-target-site based resistance in these species. However, 
multiple resistance to ACCase and microtubule inhibitors was detected in some loca-
tions in Canada, which may confirm the potential for further evolution in response to 
environmental conditions (Beckie et al. 1999). In contrast to S. viridis and S. faberi 
for which resistance cases have been reported, there is an absence of reported resis-
tance cases in S. adhaerens and S. verticillata, which may be due to moderate herbi-
cide use in the distribution areas of these species, i.e., warmer and more tropical 
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zones. Genome-based differences also could contribute to this difference because S. 
viridis (diploid genome A) and S. faberi (tetraploid genomes A and B) share in com-
mon the A genome while S. adhaerens has the B genome. However, both S. faberi 
and S. verticillata are allotetraploid and carry genomes A and B, thus casting some 
doubt on a genome-mediated effect. Introgression of the resistance genes into foxtail 
millet has proven to be an efficient strategy to generate herbicide-resistant cultivars. 
However, such cultivars must be used with care because of the high risk for the transfer 
by gene flow of the herbicide- resistant allele back to weedy Setaria species. We have 
already paid attention to this topic, especially in view of releasing future geneti-
cally engineered lines into production. Fortunately, we have not found the problem 
in the fields of foxtail millet, as well as in other crops up to now. Perhaps this is due 
to the fact that above- mentioned herbicides, especially ACCase inhibitors, are not 
utilized in field production so much. In addition, it could be due also to field scouting 
and hand weed control of remaining weeds since Chinese farmers usually deal with 
small-scale fields by hand. In any case, a more in-depth understanding of the genetic 
relationships between S. viridis and foxtail millet may be necessary to be able to cor-
rectly assess the risk for interspecific herbicide resistance gene flow at both field and 
landscape levels and to devise more appropriate recommendations for the use of 
herbicide- resistant foxtail millet cultivars.
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Chapter 16
Genetic Determinants of Drought Stress 
Tolerance in Setaria

Mehanathan Muthamilarasan and Manoj Prasad

Abstract Cultivated foxtail millet (Setaria italica) and its wild progenitor (S. viri-
dis) have collectively been considered as tractable model species for studying C4 
photosynthesis, stress biology, and biofuel traits. Being cultivated in arid and semi-
arid tropics of the world, these species are well adapted to harsh environments such 
as drought, heat, and salinity. This adaptation or acclimation potential of Setaria spp. 
has drawn research interest, and attempts have been made to dissect the molecular 
mechanisms of stress tolerance. Compared to other stresses, drought response has 
been studied extensively in S. italica and many drought-responsive genes encoding 
for transcription factors, signaling molecules, and enzymes have been identified and 
characterized. Several genome-wide studies have reported on identification of stress-
responsive gene family members, and speculated on the potential for expansion and 
neofunctionalization of paralogs in these gene families. In this context, this chapter 
discusses the key genetic determinants identified for stress tolerance in S. italica and 
demonstrates their use in improving drought tolerance. In addition, strategies for 
identification of genes underlying stress tolerance are also described. Little effort has 
so far been made towards understanding the stress-tolerance characteristics of 
Setaria as compared to studies reported in other crops. Comprehensive functional 
studies along with the use of integrated -omics approaches are required to elucidate 
the genetics and genomics of stress tolerance in Setaria, as it is important to develop 
climate change resilient crops to meet the growing demand for food and feed.
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16.1  Introduction

Anthropogenic emissions of greenhouse gases have significantly contributed to global 
warming, resulting in increased atmospheric temperatures and unpredictable rainfall, 
which has serious impacts on agricultural productivity (IPCC 2014). Drought is one 
immediate outcome of global climate change and poses severe threats to agriculture, 
with the degree of its effect depending on onset time, duration, and intensity. Global 
temperature has been increased by 1.2 °C over the past century, and it is projected to 
rise by an average of 3 °C by 2010 (IPCC 2014), which would markedly affect the 
survival and yield of food crops. Occurrence of drought stress at the reproductive stage 
of field crops causes an average yield loss of more than 50 % (Venuprasad et al. 2007). 
In Australia, wheat production was halved after a ±2 °C temperature variation (Asseng 
et al. 2011). The adverse effects of climate change and decrease in arable land as well 
as a growing world population that is expected to reach nine billion by 2050 demands 
immediate action for doubling crop yields to meet the challenge of food and nutrition 
security (Karp and Richter 2011). Among cultivated crops, C3 staple cereals such as 
wheat and rice are the worst affected by stresses imposed by climate change, particu-
larly drought (Lal 2010). However, the productivity of underutilized grasses such as 
millets are affected less by drought as they are C4 crops with better water use effi-
ciency and are tolerant to a broad spectrum of biotic and abiotic stresses (Sadras et al. 
2011). Furthermore, millets are cultivated in the arid and semiarid tropics of the world, 
where there is limited availability of rainfall and irrigation.

Most millets belong to the subfamily Panicoideae of the Poaceae and generally 
have a short life cycle, produce characteristic small grains, and can withstand dry and 
elevated temperature conditions. Most importantly, millets can survive on nutritionally 
poor soils with little compromise on yield. Among millets, Setaria italica (foxtail mil-
let) and S. viridis (green foxtail), members of the tribe Paniceae, are considered as a 
model for studying C4 photosynthesis and stress biology (Doust et al. 2009; Brutnell 
et al. 2010, 2015; Li and Brutnell 2011; Wang et al. 2011; Lata et al. 2013; 
Muthamilarasan and Prasad 2015). Reports have suggested the origin of cultivated S. 
italica from wild S. viridis ~11,000 years ago in Northern China (Yang et al. 2012). 
Presently, S. italica is being widely cultivated in tropical and subtropical regions of 
China, India, sub-Saharan Africa, and America for food and feed (Dwivedi et al. 
2011). The prominent attributes of both S. italica and S. viridis (collectively, Setaria) 
include small diploid genomes (~490 Mb), short growing cycle (~90 days), small stat-
ure, C4 traits, potential stress tolerance, and significant genetic colinearity with biofuel 
grasses and major cereals (Doust et al. 2009; Brutnell et al. 2010, 2015; Li and Brutnell 
2011; Lata et al. 2013; Diao et al. 2014; Muthamilarasan and Prasad 2015). Therefore, 
considering Setaria as a model, the genomes of S. italica “Yugu1” and S. viridis “A10” 
were sequenced by the Joint Genome Institute—U.S. Department of Energy (Bennetzen 
et al. 2012) and the genome of S. italica “Zhang gu” and “A2” was sequenced by the 
Beijing Genomics Institute, China (Zhang et al. 2012; Lata and Prasad 2013a). In addi-
tion, the transcriptome of S. italica tissues such as root, leaf, stem, and spica (tassel) 
from young seedlings has also been sequenced (Zhang et al. 2012).
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The ability of these plants to tolerate or avoid stress by acclimatization and 
adaptation suggests that a repository of genetic diversity essential for enhancing 
yield stability exists in the germplasm of both S. italica and its wild progenitor S. 
viridis. Therefore, identification of key genetic determinants of drought tolerance in 
Setaria using QTL mapping, association mapping, and screening by recurrent selec-
tion is imperative, as this would enable the transfer of genes into other crops using 
genomics- assisted breeding. The first comparative transcriptome of S. italica culti-
var “Mar51” (drought tolerant; Zhang et al. 2005) in response to drought stress 
using subtracted cDNA libraries reported the up-regulation of 95 and 57 ESTs in 
roots and shoots, respectively (Zhang et al. 2007). These expressed sequence tags 
(ESTs) showed tissue-specific expression patterns, and it was deduced that activa-
tion of glycolysis metabolism in roots is the first response to drought stress (Zhang 
et al. 2007). Similar subtractive hybridization analyses were performed by Lata 
et al. (2011) and Puranik et al. (2011a) in stress-tolerant S. italica cv. “Prasad” dur-
ing drought and salinity stress. These studies reported 327 and 159 differentially 
expressed transcripts in drought and salt stressed libraries, respectively. Comparative 
analysis of these differentially expressed transcripts from both libraries revealed 
that only 10 % of them are similar (Puranik et al. 2011a). This demonstrated the 
existence of gene sets which are distinct for drought and salt stress, suggesting the 
presence of unique tolerance mechanisms to circumvent each stress.

The release of the S. italica genome sequence has expedited investigations on 
stress-related studies, and many reports are now available on the identification of 
stress-responsive genes that might confer durable tolerance (Lata et al. 2011, 2014; 
Mishra et al. 2012a, b, 2013; Puranik et al. 2013; Muthamilarasan et al. 2014a, b; 
Wang et al. 2014a, b; Zhu et al. 2014; Yadav et al. 2015a; Kumar et al. 2015). 
Further characterization of these genes through transgene-based approaches to 
understand their role in molecular, cellular, and physiological processes of drought 
tolerance would enable the transfer of this knowledge to other related crop species. 
Though studies on deciphering the mechanism of drought tolerance in S. italica 
commenced a decade ago, similar investigations in S. viridis have yet not been 
reported (Muthamilarasan and Prasad 2015). In this context, this chapter presents an 
overview of research efforts made towards identifying and characterizing the 
genetic determinants of drought tolerance in S. italica and the strategies to transfer 
these genes/QTLs into modern crop germplasm using genomic approaches.

16.2  Drought-Responsive Transcription Factors

The response of plants to drought stress is a complex process involving multiple 
dynamic responses at physiological, biochemical, and molecular levels. The stress 
signal perceived is communicated via sophisticated signal transduction networks to 
initiate the activity of stress-responsive transcription factors (TFs). Comparative 
transcriptome analysis of drought-tolerant S. italica cv. “Prasad” using a subtractive 
hybridization technique has identified two important stress-responsive transcription 
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factors belonging to the DREB (dehydration-responsive element-binding proteins) 
and NAC (NAM, ATAF, and CUC) families (Lata et al. 2011). Transcript profiling 
of SiDREB2 and SiNAC2 genes using qRT-PCR in two S. italica cultivars with con-
trasting tolerance to dehydration stress (tolerant cv. “Prasad,” susceptible cv. 
“Lepakshi”) revealed significant up-regulation of these genes in the tolerant cultivar 
(Lata et al. 2011), suggesting putative involvement of these genes in stress- responsive 
mechanisms.

DREB is a subfamily of AP2/ERF (APETALA2/ethylene-responsive element- 
binding factor) TFs and participates in regulation of stress-responsive gene expres-
sion through ABA-independent pathways. This subfamily comprises two main 
subgroups, DREB1 and DREB2, which are involved in responses to chilling and 
drought, respectively (Lata and Prasad 2011). Cloning and characterization of 
SiDREB2 revealed that it is a nuclear localized 234 amino acid protein (25.7 kDa) 
encoded by 1119 bp cDNA (Lata et al. 2011). The SiDREB2 protein comprises a 58 
amino acid AP2/ERF DNA-binding domain along with two functional amino acids, 
valine and glutamic acid, at the 14th and 19th residues, respectively. These two 
amino acids were identified in the DBA-binding domain and deduced to be impor-
tant for binding with their respective cis-elements. Sequence alignment showed that 
the AP2/ERF DNA-binding domain of SiDREB2 was highly conserved among 
AP2/ERF TFs of other Poaceae members (Lata et al. 2011). Expression profiling of 
SiDREB2 in four S. italica cultivars (drought tolerant cv. “Prasad” and “IC-403579”; 
susceptible cv. “Lepakshi” and “IC-480117”) during different time-points of 
drought, salinity, and cold stress showed the up-regulation of this gene (up to 
12-fold) in tolerant cultivars in response to drought and salinity. The strong respon-
siveness of SiDREB2 to drought and salinity in “Prasad” and “IC-403579” may be 
positively correlated to the tolerance behavior of these cultivars (Lata et al. 2011).

Sequence analysis of the SiDREB2 gene in 43 contrasting S. italica cultivars 
identified a synonymous SNP associated with dehydration tolerance at the 558th 
base pair (an A/G transition) (Lata et al. 2011). An allele-specific marker (ASM) 
was developed from this SNP and validated in a core set of 170 S. italica accessions 
(Lata et al. 2011). The regression of lipid peroxidation (LP) and relative water con-
tent (RWC) on this ASM demonstrated that the SiDREB2-associated trait contrib-
utes to ~27 % and ~20 % of the total variation in LP and RWC, respectively (Lata 
and Prasad 2012, 2013b).

A genome-wide survey was conducted using in silico approaches based on the role 
of DREB TFs in stress response (Lata et al. 2014). The study revealed 171 AP2/ERF-
encoding genes in the S. italica genome (Fig. 16.1), of which 48 were DREB TFs 
identified by phylogenetic and domain architecture analysis. Transcript profiling of 
candidate genes was performed in drought-tolerant foxtail millet cultivar “IC- 403579” 
exposed to 20 % polyethylene glycol (PEG 6000) and 250 mM sodium chloride, with 
transcript abundance analyzed at 1 h (early) and 24 h (late) post-stress treatments. The 
DREB gene SiAP2/ERF-002 was highly expressed in both phases of drought stress, 
and SiAP2/ERF-084 as well as SiAP2/ERF-090 was up-regulated in the late phase of 
drought and salinity stress. Hormonal treatment studies reported higher expression of 
SiAP2/ERF-084 and SiAP2/ERF-090 during the early phase of ethephone (converted 
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into ethylene by the plant) and salicylic acid treatments, respectively. SiAP2/ERF-002 
was up-regulated in both early and late phases of ethephone and salicylic acid treat-
ments (Lata et al. 2014). The study identified SiAP2/ERF-002 as a potential candidate 
gene for further functional validation and overexpression studies with a view towards 
its utilization in crop improvement programs for stress tolerance.

NAC TFs are well known for their regulatory role in biotic as well as abiotic stress 
in many crop plants (Puranik et al. 2012). A subtractive hybridization study in S. 
italica also identified a significant up-regulation of SiNAC2 in both drought (Lata 
et al. 2011) and salinity stress libraries (Puranik et al. 2011a). Molecular characteriza-
tion of SiNAC2 showed that the full length cDNA is 2051 bp with an open reading 
frame of 1386 bp encoding a protein of 462 amino acids (51.12 kDa). The full length 
SiNAC protein has a conserved NAC domain at its N-terminal (156 amino acids) 
along with a hypervariable C-terminal region. Using an electrophoretic mobility shift 
assay (EMSA), the DNA-binding site in the SiNAC2 protein has also been identified 
(Puranik et al. 2011b). Subcellular localization studies suggested that the SiNAC2 
protein is membrane localized, and nuclear localization is also observed after deletion 
of the C-terminus. Expression profiling of SiNAC in S. italica cv. “Prasad” (drought 
tolerant) and “Lepakshi” (drought susceptible) in response to salinity and drought 
stress showed relatively higher levels of SiNAC transcripts in the tolerant cultivar, 
suggesting a positive role of SiNAC in stress response (Puranik et al. 2011b).

Similar reports are also available in other crop plants such as rice (SNAC1, Hu 
et al. 2006; OsNAC045, Zheng et al. 2009), soybean (GmNAC2, GmNAC3, GmNAC4, 
Pinheiro et al. 2009), and wheat (TaNAC4, Xia et al. 2010; TaNAC2a, Tang et al. 
2012), substantiating the role of NAC TFs in diverse stress responses including 
drought tolerance. In view of this, a genome-wide analysis for identification and 
characterization of NAC TFs in S. italica was performed by Puranik et al. (2013). 
The study identified 147 SiNAC genes (Fig. 16.1), classified into 11 subfamilies. Of 
the 147 SiNAC genes, 50 candidate genes were chosen for quantitative expression 
analysis in response to various abiotic stresses. During drought stress, SiNAC062, 
SiNAC064, SiNAC070, and SiNAC128 were observed to be up-regulated during the 
early phase, whereas SiNAC024, SiNAC093, SiNAC100, SiNAC101, and SiNAC128 
were up-regulated during the late phase of stress. The study identified SiNAC128 as 
a potential candidate for further in-depth characterization (Puranik et al. 2013).

Availability of the S. italica draft genome sequence in the public domain has 
facilitated the identification and characterization of a few important stress- 
responsive TFs namely, MYB and C2H2-type zinc fingers. MYB and C2H2 proteins 
represent the largest TF families in plants, playing crucial roles in various devel-
opmental and stress-responsive processes (Ambawat et al. 2013). Considering 
their significance, comprehensive genome-wide surveys were conducted, which 
led to the identification of 209 and 124 gene family members of MYB and C2H2, 
respectively (Fig. 16.1). Phylogenetic analysis categorized SiMYB proteins into 
ten groups (I–X) and SiC2H2 proteins into five groups (I–V). Comparative analysis 
of SiMYB and SiC2H2 protein sequences with their orthologs in sorghum, maize, 
and rice showed a remarkable conservation in overall protein structure 
(Muthamilarasan et al. 2014a, b).
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Expression analysis of SiMYB and SiC2H2 candidate genes in response to abiotic 
stresses and hormone treatments using qRT-PCR revealed specific and/or overlap-
ping expression patterns of these genes. In the case of SiMYB genes, 11 candidate 
genes were chosen for expression profiling and three genes (SiMYB124, SiMYB126, 
and SiMYB150) showed significant up-regulation during drought stress 
(Muthamilarasan et al. 2014a). Among the nine SiC2H2 genes selected for expres-
sion studies, SiC2H2_031 showed a gradual up-regulation with maximum expres-
sion at 48th hour (h) of drought stress, whereas SiC2H2_78, SiC2H2_85, and 
SiC2H2_94 showed higher expression during the early phase of drought stress. 
Altogether, these studies have identified potential candidate genes for further func-
tional validation and utilization in crop improvement programs for stress tolerance 
(Table 16.1).

In view of the role of TFs in modulating stress-responsive gene regulatory net-
works, TF-encoding genes in S. italica genome have been identified and the TFs in 
silico characterized (Bonthala et al. 2014). The study identified 2297 putative TFs 
and categorized them in 55 families. This information is available in the Foxtail mil-
let Transcription Factor Database (http://59.163.192.91/FmTFDb/) in which com-
plete details of the TFs are compiled, including their sequences, physical positions, 
tissue-specific gene expression data, gene ontologies, and phylogeny (Bonthala 
et al. 2014). This database will be useful in pinpointing candidate TFs for stress- 
related studies and for performing large-scale investigations.

Though TFs are reported to be effectual in enhancing stress tolerance of trans-
genic plants by regulating the expression of broad-spectrum stress-related genes, 
the lack of an efficient transformation system for expressing/overexpressing the 
candidate TFs is a bottleneck in Setaria genomics (Diao et al. 2014) (but see Chaps. 
20 and 21). As a consequence, the detailed molecular, cellular, and physiological 
mechanisms responsible for variation in drought tolerance among foxtail millet 
lines have not yet been elucidated.

16.3  Stress-Responsive Proteins in Drought Tolerance

Other than transcription factors, various stress-responsive proteins have been 
reported to play roles in conferring tolerance to drought stress (Hasanuzzaman et al. 
2013). One such protein is WD40, which largely functions as a platform for protein–
protein interactions and is involved in several biological process, such as signal 
transduction, transcriptional regulation, protein modification, cytoskeleton assem-
bly, vesicular trafficking, DNA damage and repair, cell death, and cell cycle progres-
sion (Mishra et al. 2012a; Zhang and Zhang 2015). Reports have shown the 
association of these proteins with abiotic stress tolerance in crop plants (Zhu et al. 
2008; Lee et al. 2010; Mishra et al. 2012a; Kong et al. 2015). In S. italica, ESTs 
encoding for putative WD-domain containing proteins and 14-3-3 like proteins were 
identified from a salinity and dehydration stress subtractive cDNA library (Lata et al. 
2011; Puranik et al. 2011a). The full length cDNA of SiWD40 was deduced to be 
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1795 bp long with an ORF of 1314 bp, which encodes for a 437 amino acid protein 
(43.9 kDa). Protein modeling and analysis of SiWD40 revealed an eight blade 
β-propeller architecture at the C-terminus, with each blade comprising a four-
stranded antiparallel β sheet (Mishra et al. 2012b). Transcript profiling of the SiWD40 
gene in S. italica stress tolerant cv. “IC-403579” at different time- points of drought 
stress revealed a steady-state transcript accumulation from early to late phase with 
maximum expression at the 48th h of drought stress. Subcellular localization studies 
have shown the localization of the SiWD40 protein in the nucleus, and EMSA along 
with transactivation assays have revealed the regulation of SiWD40 gene expression 
by dehydration-responsive elements (DRE) (Mishra et al. 2012b).

Global analyses of WD40 protein-encoding genes in the S. italica genome 
showed the presence of 225 SiWD40 genes, classified into five subfamilies (Mishra 
et al. 2013) (Fig. 16.1). Expression analysis of 13 candidate WD40 genes in response 
to drought, salinity, and cold stresses has been performed. Among the candidate 
SiWD40 genes, SiWD40-028, SiWD40-037, SiWD40-063, SiWD40-106, SiWD40- 156, 
and SiWD40-203 showed a gradual rise in expression levels and an average higher 
expression at 12–24 h (Mishra et al. 2013). This study suggests that SiWD40 pro-
teins might play a prominent role in dynamically integrating multiple regulatory 
pathways mediating tolerance to abiotic stresses.

14-3-3 proteins are reported to regulate plant growth and development, and stress 
responses through protein–protein interactions, by binding with phosphoserine/
phosphothreonine residues in the target proteins (Li and Dhaubhadel 2011; Denison 
et al. 2011). Bioinformatic prediction of 14-3-3 gene family members revealed the 
presence of 8 genes in the S. italica genome (Kumar et al. 2015) (Fig. 16.1). Further 
characterization revealed large variation in their structure, chromosomal localiza-
tion, and protein properties, and in silico expression profiling indicated their higher 
expression in all the four investigated tissues of S. italica namely, roots, stems, 
leaves, and spikes. Comparative mapping to identify the orthologous genes in other 
grasses showed a high degree of conservation throughout the family. Subcellular 
localization studies showed differential localization of Si14-3-3_a, Si14-3-3_d, 
Si14-3-3_f, and Si14-3-3_h proteins within the cell. Si14-3-3_f was localized in 
cytoplasm and nuclear membrane, whereas the other three members were ubiqui-
tously distributed (Kumar et al. 2015).

Transcript profiling of Si14-3-3 genes in response to drought and salinity stress 
as well as ABA, SA, and MeJA treatments indicated that these genes have varied 
expression patterns. During drought stress, a relatively high expression of Si14-3- -
3_a, Si14-3-3_c, Si14-3-3_d, Si14-3-3_f, and Si14-3-3_g was reported at the early 
phase. Further downstream characterization indicated the interaction of Si14-3-3 
with a nucleocytoplasmic shuttling phosphoprotein (SiRSZ21A) in a phosphorylation- 
dependent manner, demonstrating that Si14-3-3 might regulate the splicing events 
by binding with phosphorylated SiRSZ21A (Kumar et al. 2015). The demonstration 
of an interaction between Si14-3-3 and SiRSZ21A provides novel clues on the 
involvement of 14-3-3 proteins in splicing events. In this context, it would be inter-
esting to investigate the protein–protein interaction behavior of 14-3-3 proteins during 
environmental stresses.
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Cytokinins are reported to participate in various aspects of plant growth, 
development, and stress adaptations (Havlova et al. 2008), and the level of cytoki-
nins is fine-tuned by cytokinin oxidase/dehydrogenases (CKXs) (Gajdosová et al. 
2011). In maize and soybean, CKX genes have responded to drought and salinity 
stress (Vyroubalova et al. 2009; Le et al. 2012). Considering this, Wang et al. (2011) 
conducted a comprehensive genome-wide survey and identified 11 SiCKX genes in 
the S. italica genome. Phylogenetic analysis of SiCKX proteins with rice and 
Arabidopsis orthologs classified them in two groups. The relative transcript levels 
of SiCKX genes in germinating embryos under drought stress showed higher expres-
sion of all SiCKX genes except SiCKX2 and SiCKX11 (Wang et al. 2011), substan-
tiating the role of SiCKX genes in response to drought stress.

Aldehyde dehydrogenases (ALDHs) are a conserved gene family encoding 
NAD (P)+-dependent enzymes, which catalyze the irreversible oxidation of broad- 
spectrum endogenous and exogenous aromatic and aliphatic aldehydes into cor-
responding carboxylic acids (Yoshida et al. 1998). Studies have reported the 
involvement of these ALDHs in guarding plants from various biotic and abiotic 
stresses by indirectly detoxifying cellular reactive oxygen species (ROS) and/or 
reducing lipid peroxidation (Singh et al. 2013). In view of this, Zhu et al. (2014) 
performed a genome-wide analysis and identified 20 ALDH genes in S. italica. 
The study categorized these SiALDH genes into ten gene families and examined 
their duplication and divergence, chromosomal distribution, gene structure, and 
orthologous relationships with rice. Further, the SiALDH genes were subjected to 
quantitative expression analysis in response to drought, salt, high and low tem-
perature, and hydrogen peroxide stress treatments. In the event of drought stress, 
all the SiALDH2 genes were up-regulated except SiALDH2C1, SiALDH3H2, and 
SiALDH11A1. Of note, SiALDH2C4 showed maximum expression at the 6th hour 
of drought stress (Zhu et al. 2014) and is a potential candidate for modifying 
drought stress response.

Late embryogenesis abundant (LEA) proteins are accumulated in seeds during 
the later stage of development before the desiccation phase, and these proteins are 
also reported to function in protecting the plants from environmental stresses (He 
et al. 2012; Liu et al. 2013). Reports have shown the accumulation of LEA proteins 
during drought stress, and their overexpression confers stable tolerance to water 
deficit in transgenic plants (Xu et al. 1996; Colmenero-Flores et al. 1999; Goyal 
et al. 2005; Tolleter et al. 2010). In S. italica, a novel member of the atypical sub-
group 5C LEA gene named SiLEA14 was functionally characterized (Wang et al. 
2014a, b). The full length sequence of SiLEA14 has 821 bp, encoding a 170 amino 
acid LEA protein (18.77 kDa), which is cytosol localized. Expression levels of 
SiLEA14 under drought stress showed an immediate induction within 0.5 h of stress 
initiation and maximum expression was reported at 12 h. Overexpression of 
SiLEA14 in Arabidopsis and S. italica enhanced the tolerance of transgenic plants to 
drought stress, with a higher accumulation of proline and sugar (Fig. 16.1; Wang 
et al. 2014a, b). The findings suggested that overexpression of SiLEA14 gene in crop 
plants might improve tolerance to drought stress, but further experimental validation 
is required to support this conclusion.
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Studies have been performed to identify the members of the RNA silencing 
machinery, such as Dicer-like (DCL), Argonaute (AGO), and RNA-dependent RNA 
polymerase (RDR) genes, and understand how they regulate gene expression during 
abiotic stress in Arabidopsis (Henderson et al. 2006), rice (Kapoor et al. 2008), 
maize (Qian et al. 2011), tomato (Bai et al. 2012), and poplar (Zhao et al. 2015). 
Similar efforts have identified 8 DCL, 19 AGO, and 11 RDR genes in S. italica 
(Yadav et al. 2015a) (Fig. 16.1). These genes have been characterized using in silico 
approaches, and expression profiling was performed for candidate genes (4 DCL, 5 
AGO, and 3 RDR) in response to salinity and drought stress in two S. italica cultivars 
(cv. “IC04,” stress tolerant; cv. “IC41,” stress susceptible). The results found a dif-
ferential expression pattern of candidate genes at two different time-points, stresses 
and cultivars, thus suggesting the participation of these genes in a complex molecu-
lar network of stress response (Yadav et al. 2015a). Significantly higher expression 
levels of SiDCL01, SiDCL06, SiAGO08, SiAGO018, and SiRDR07 during drought 
stress suggests that these genes should be further functionally analyzed. Altogether, 
the identification, characterization, and expression profiling of stress- responsive 
protein-encoding genes in S. italica has established the putative role of respective 
proteins in complex networks of pathways to perform diverse physiological, molec-
ular, and cellular functions in response to drought and other stresses. Though the 
expression profiling studies provide a clue to the role of these proteins in imparting 
stress tolerance (Table 16.1), comprehensive functional characterization is required 
to confirm their functionality and durability in conferring tolerance.

16.4  Small RNAs in Drought-Regulated Gene Expression

Small RNAs (sRNAs) are a part of noncoding RNAs, and they comprise two major 
classes namely, microRNAs (miRNAs) and endogenous small interfering RNAs 
(siRNAs). Both miRNAs and siRNAs are identified as modulators of gene expres-
sion at the post-transcriptional level and have emerged as key players in stress 
responses (Sunkar et al. 2007). miRNAs regulate the expression of the target tran-
script by binding to reverse complementary sequences, causing cleavage of the tar-
get RNA, whereas siRNAs bind to the target sequence in a similar manner and 
direct DNA methylation (Khraiwesh et al. 2012). Involvement of miRNAs in vari-
ous biotic and abiotic stresses including drought (Zhao et al. 2007; Liu et al. 2008; 
Zhou et al. 2010), cold (Zhou et al. 2008), salinity (Liu et al. 2008; Sunkar et al. 
2008), bacterial infection (Navarro et al. 2006), UV-B radiation (Zhou et al. 2007), 
and mechanical stress (Lu et al. 2005) have been well documented. Advances in 
high-throughput sequencing and small RNA profiling have facilitated the sequenc-
ing of small RNA libraries of drought stress samples for identification of drought-
related miRNAs (Ding et al. 2013; Rajwanshi et al. 2014).

The genomic and CDS sequences of S. italica were analyzed for plant miRNA 
sequences, and 355 mature miRNAs (Sit-miR) were identified and classified into 53 
families (Khan et al. 2014). Secondary structures and putative targets of Sit-miRs 
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were then identified, followed by chromosomal localization, comparative mapping, 
and tissue-specific expression profiling. Northern blot analysis and stem-loop 
RT-qPCR of candidate Sit-miRs in response to different abiotic stresses in two S. 
italica cultivars (“IC-403579,” stress tolerant; “IC-480117,” stress susceptible) 
were performed. The analysis showed up- and down-regulation of candidate Sit- 
miRs during various stresses. In the drought-tolerant cultivar, Sit-miR156c, Sit- 
miR397a, Sit-miR393, Sit-miR160d, and Sit-miR6248a were down-regulated. 
Up-regulation of Sit-miR162a, Sit-miR167b, and Sit-miR171b was also observed in 
the tolerant cultivar when compared to the expression levels of respective Sit-miRs 
in susceptible cultivars (Khan et al. 2014). The complete data of identified sit-miRs 
including chromosomal location, length, MFE, AMFE, sequences of pre-miRNA 
and mature miRNA, secondary structure, and target gene information have been 
made available to the global research community through an open access web 
resource, Foxtail millet miRNA Database (http://59.163.192.91/FmMiRNADb/
index.html; Khan et al. 2014).

The use of two S. italica cultivars “IC-403579” (stress tolerant) and “IC-480117” 
(stress susceptible) in all the functional genomics studies discussed above encouraged us 
to construct four small RNA libraries from control and drought-stressed seedlings of 
these cultivars, which were then sequenced using the Illumina HiSeq 2000 platform 
(Yadav et al. 2016). A total of 55 known miRNAs (representing 23 miRNA families) and 
136 novel miRNAs (representing 47 miRNA families) were identified in this study. 
Other downstream analyses such as chromosomal positioning, structure and target pre-
diction, target annotation and validation, and expression profiling were performed, and 
a few candidate novel dehydration- responsive Sit-miRs were validated by stem-loop 
quantitative real-time PCR. Further functional characterization of these Sit-miRs are in 
progress (Yadav et al. 2016). Of note, this study showed differential expression pattern 
of Sit-miRs in response to drought, which may play an important role in providing the 
contrasting tolerance characteristics of these cultivars.

A similar bioinformatic approach was followed by Khan et al. (2014), with some 
modifications in the filtering criteria used by Han et al. (2014), and 271 miRNAs 
belonging to 44 families were predicted. The study identified 23 pairs of sense/anti-
sense miRNAs and 18 miRNA clusters as well as 432 targets for 38 miRNA families. 
Of these, 43 miRNAs were chosen for tissue-specific expression profiling in S. italica 
leaves, roots, stems, and spikes, and five predicted targets of four miRNAs were exper-
imentally validated using 5′-RLM-RACE (Han et al. 2014). In another study, two 
small RNA libraries constructed from shoot tissue of S. italica inbred line “Yugu1” 
were sequenced using the Illumina HighSeq 2000 platform, and 43 known miRNAs, 
172 novel miRNAs, and 2 miRNA precursor candidates were identified (Yi et al. 
2013). Targets of these miRNAs were predicted and  annotated, followed by validation 
of candidate miRNAs by stem-loop RT-PCR in four tissues (Yi et al. 2013). Though 
these studies are insightful in understanding the miRNAome of S. italica, the role of 
identified miRNAs in response to drought and other stresses remains elusive.

Investigation of genome-wide transcriptome reconfiguration in S. italica chal-
lenged by drought stress was performed by Qi et al. (2013). RNA and sRNA libraries 
were constructed from drought stressed and unstressed (control) whole seedlings of 
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S. italica “Yugu1” and sequenced. Among the sRNAs, 24-nt (nucleotide) sRNAs 
were found to be predominant followed by 21, 22, and 23-nt sRNA. The study 
inferred that decreased levels of 24-nt siRNA around genic regions have a negative 
role in influencing gene expression in response to drought stress. Particularly, the 
differential expression analysis identified the maximum levels of 19 long noncoding 
RNAs during drought stress and, among these, two natural antisense transcripts 
(NATs of Si003758m and Si038715m) showed drought-regulated expression patterns 
(Qi et al. 2013). The generated raw reads from the studies of Yi et al. (2013) and Qi 
et al. (2013) are available in the NCBI SRA database under accession numbers 
SRA062640 and SRA062827.

Taken together, it is understood that identification and characterization of target 
genes is important for delineating the role of sRNAs. Prediction of sRNAs and their 
targets followed by their functional analysis will assist in understanding the com-
plex miRNA- and siRNA-mediated regulatory networks controlling stress- responsive 
machinery in Setaria.

16.5  Strategies for Identifying Genetic Determinants 
of Drought Tolerance

Comprehensive molecular investigations have elucidated the role of a few known 
genes and gene families in stress responsiveness of S. italica, but so far no novel 
gene has been reported for stress tolerance. The genome annotation data of S. italica 
“Zhang gu” and “A2” has identified 1517 foxtail millet-specific gene families, of 
which 586 genes were annotated as “response to water” [GO:0009415, defined as 
any process that results in a change in state or activity of a cell or an organism (in 
terms of movement, secretion, enzyme production, gene expression, etc.) as a result 
of a stimulus reflecting the presence, absence, or concentration of water] (Zhang 
et al. 2012). This demonstrates the existence of unexplored genetic determinants 
which could be responsible for stress-tolerance behavior and adaptation of Setaria 
to arid and semiarid environments. Furthermore, advances in next-generation 
sequencing (NGS) technologies and high-throughput analysis platforms provide an 
excellent opportunity to explore the genome and transcriptome of Setaria for pin-
pointing genes/alleles/QTLs responsible for drought tolerance.

Reports have indicated that drought tolerance is a complex trait dynamically con-
trolled by numerous genes, and it is therefore imperative to identify the  candidate 
genes to decipher the mechanism of drought response in Setaria, which would expe-
dite genetic improvement either by molecular breeding or transgene-based 
approaches. Until now, genetic studies using approaches like subtractive cDNA 
hybridization, qRT-PCR, and cDNA microarray have been performed in Setaria 
(Diao et al. 2014; Muthamilarasan and Prasad 2015), but mapping of QTL at the gene 
level through map-based cloning has not been reported. In this context, NGS plat-
forms can provide a comprehensive insight into sequence variations in the genome, 
and whole genome resequencing (WGR) could assist in detecting polymorphisms, 
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develop high-throughput markers, understand epigenetic modifications, identify 
splice variants, and perform expression profiling and DNA footprinting (Fig. 16.2) 
(Delseny et al. 2010). NGS is also used for identification of candidate genes and vari-
ants underlying important traits by linkage mapping, genome-wide association map-
ping, and genotyping-by-sequencing (Fig. 16.2) (Varshney et al. 2014).

Identifying and utilizing the sequence variation present in the genome is imperative 
for crop genetics and breeding. Availability of the S. italica genome sequence in public 
databases (Phytozome: http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_
Sitalica; Foxtail millet Database: http://foxtailmillet.genomics.org.cn/page/species/
index.jsp; PlantGDB: http://www.plantgdb.org/SiGDB/; Setaria italica Functional 
Genomics Database: http://structuralbiology.cau.edu.cn/SIFGD/) has enabled the 
development of high-throughput molecular markers such as microsatellites (Pandey 
et al. 2013; Kumari et al. 2013; Zhang et al. 2014), intron- length polymorphisms 
(Muthamilarasan et al. 2013), miRNA-based (Yadav et al. 2014) and transposable 
elements-based markers (Yadav et al. 2015b), and development of a marker database 

Fig. 16.2 An integrated strategy of classical and reverse genetics for dissecting the drought- 
tolerance mechanisms and enhancing tolerance is illustrated. DT drought tolerance, DS drought 
susceptibility, GWAS genome-wide association study, QTLs quantitative trait loci, NIL near- 
isogenic line, IL isogenic line, MABC marker-assisted backcrossing, MARS marker-assisted recur-
rent selection, MAS marker-assisted selection, GWS genome-wide selection
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(http://www.nipgr.res.in/foxtail.html; Suresh et al. 2013). The genome sequence 
information has also served as a reference in whole genome resequencing (WGR) of 
916 S. italica accessions collected from different eco-geographical zones of the world 
and the construction of a high density haplotype map using 85 million single nucleo-
tide polymorphisms, which revealed genomic variations among these accessions (Jia 
et al. 2013). Similarly, the S. italica genome sequence data facilitates WGR of culti-
vated and wild varieties of Setaria with contrasting phenotypes to identify novel 
genes/alleles/QTLs underlying drought response and to execute NGS-based genom-
ics-assisted breeding for drought tolerance. Though the S. viridis genome has also 
been sequenced (Bennetzen et al. 2012), the lack of publically available sequence 
information has for a long period significantly impeded the development of genetic 
and genomic resources in this important model species. However, recent develop-
ments have made this data available in the web portal “Setariabase” (http://www.sviri-
dis.org; Brutnell et al. 2015).

In addition to WGR, transcriptome sequencing could be useful for elucidating 
the transcriptional and post-transcriptional regulation of genes in response to 
drought stress and to understand the global expression pattern of the Setaria genome 
(Deyholos 2010). Transcriptomes of four S. italica tissues namely root, stem, leaf, 
and spike, as well as RNA-seq data of whole seedlings under drought conditions is 
already available in the NCBI SRA database (Zhang et al. 2012; Qi et al. 2013). In 
the case of S. viridis, RNA-seq data of leaf, stem, node, crown, root, spikelet, floret, 
and seed tissues at three developmental stages including seed germination, vegeta-
tive growth, and reproduction is available in NCBI SRA (Xu et al. 2013). Using 
these data as a reference, transcriptomes of Setaria accessions with distinctive phe-
notypes could be sequenced and compared to identify novel transcripts, which could 
be responsible for the trait-of-interest. Besides transcriptome sequencing, a few 
small RNA libraries have also been sequenced in control and stressed conditions, 
and miRNAs modulating drought stress-associated processes and gene networks 
identified (Yi et al. 2013; Qi et al. 2013; Yadav et al. 2016). Moreover, examining 
the DNA methylation profiles and small RNA profiles of drought- stressed libraries 
will facilitate the identification of genes and/or regions that are regulated by miRNA/
siRNA-mediated DNA methylation, which could contribute to epigenetic inheri-
tance of drought stress tolerance.

Proteomics offers versatile approaches for identifying drought-responsive pro-
teins and corresponding genes (Kamal et al. 2010). More importantly, proteomics 
techniques are potent tools to delineate stress-responsive proteins and their corre-
sponding genes even when genome sequence information is not available. A sug-
gested pathway for such an analysis could include the resolution of total protein of 
Setaria cultivars subjected to drought stress and control conditions on two- 
dimensional gel electrophoresis, followed by in-gel digestion and MALDI-TOF 
mass spectrometry analysis. Subsequent in silico protein and nucleotide BLAST 
searches (e.g., using the MASCOT program; Brosch et al. 2009) would reveal dif-
ferentially expressed proteins and their corresponding genes. Thus, proteomics 
could bridge the gap between transcriptome and metabolome and complement 
genomics approaches.
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Recently, research has shifted from understanding the physiological and molecular 
responses of crop plants exposed to individual stress to those exposed to a combina-
tion of stresses, as numerous reports have demonstrated that the response of plants 
to concurrent stresses is unique and not directly extrapolated from the individual 
stress responses (Mittler 2006; Atkinson and Urwin 2012; Rasmussen et al. 2013; 
Suzuki et al. 2014; Ramegowda and Senthil-Kumar 2015). All the stress- related 
investigations conducted in Setaria were in response to different stresses applied 
individually and so far studies on the impact of combined/concurrent stress have not 
been performed. However, we can speculate that combinations of stresses could 
activate complex pathways controlled by different signaling events, which might be 
unique to Setaria. Therefore, research programs should focus on understanding the 
tolerance mechanism of Setaria to a combination of biotic and abiotic stress condi-
tions, especially the stresses which mimic field conditions.

In the “-omics” era, identifying the genetic determinants for drought tolerance 
might not be a difficult task, but understanding the exact role of those genetic 
determinants in improving drought tolerance is challenging due to the lack of 
efficient Setaria transformation systems (Diao et al. 2014; Muthamilarasan and 
Prasad 2015; Brutnell et al. 2015). The availability of high-throughput genetic 
transformation systems has accelerated the maturation of rice and Arabidopsis 
genomics, but limited availability of such efficient protocols in Setaria has 
impeded further molecular studies in this model crop (Diao et al. 2014; 
Muthamilarasan and Prasad 2015). Further advances in transformation are 
reported in this volume (Chaps. 20 and 21). Irrespective of this, many candidate 
genes have been identified in S. italica which could be utilized in improving abi-
otic stress adaptation of other cereal crops.

16.6  Conclusions

Global climate change has caused irreversible damage to the earth’s environment, 
which includes rise in atmospheric temperature, melting of glaciers, increase in sea 
levels, and changes in rainfall patterns. Emission of greenhouse gases due to extreme 
anthropogenic activities and extensive deforestation regimes accelerate the effects 
of climate change. These adverse conditions have severe impact on yields of crop 
plants, especially cereals (IPCC 2014) while, on the other hand, agricultural pro-
ductivity needs to increase globally by an estimated 60 % by 2050 to meet the food 
and feed demands of a growing population (FAO 2015). Development of climate 
change resilient crops is the principal solution for this aggravating problem, but 
genes that enable growth and reproduction in adverse environments might have 
been lost in all the presently cultivated crops during domestication and improve-
ment. Reports have shown that genetic diversity for stress tolerance, which enhances 
yield stability could be present in traditional landraces, wild relatives, and geneti-
cally close crop plants which are well adapted to adverse environments (Khoury 
et al. 2013; Atwell et al. 2014; Brutnell et al. 2015).
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Being cereal crops, Setaria sp. and major cereals show high levels of synteny at 
the genome level, and, as discussed in the above sections, S. italica and S. viridis are 
tractable models for understanding stress biology and C4 photosynthesis. Both spe-
cies are tolerant to drought stress, which is the major impact of climate change, and 
in view of this, attempts have been made to identify the genetic determinants of 
drought stress using various molecular genetic and genomic approaches. At present, 
functional characterization is required to confirm the drought responsiveness of the 
identified genes and once confirmed, these could be introgressed into major cereals 
for generating elite cultivars with durable stress tolerance.
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Chapter 17
Setaria viridis as a Model for C4 Photosynthesis

Carla Coelho, Pu Huang, and Thomas P. Brutnell

Abstract Climate change compounded with dwindling arable lands, and population 
growth has presented a grand challenge for plant science to develop higher yielding 
varieties grown on fewer acres with fewer inputs. The most productive and photo-
synthetically efficient crops are C4 grasses that have evolved mechanisms to 
concentrate CO2 and reduce photorespiration in hot and dry environments. This 
improved biochemistry is most often achieved through compartmentalization of 
photosynthetic activities into two cell types, the bundle sheath (BS) and mesophyll 
(M) cells. BS and M cells are arranged in files of concentric rings around the 
vasculature, in a pattern known as Kranz anatomy. Ambitious efforts to engineer C4 
traits into C3 crops have the potential to increase the yield of rice by up to 50 %, 
improve nitrogen use efficiency, and reduce water loss (Hibberd et al., Curr Opin 
Plant Biol 11: 228–31, 2008). To accelerate these engineering efforts, a better 
understanding is needed of the developmental and regulatory mechanisms underlying 
C4 photosynthesis. Here, we discuss the many advantages of using Setaria viridis as 
a model system for dissecting C4 photosynthesis (Brutnell et al., Plant Cell 22:2537–
44, 2010; Annu Rev Plant Biol 66:465–85, 2015), particularly as a platform for 
gene discovery and to unravel the complex genetic basis underlying the anatomical 
and biochemical innovations of this trait.

17.1  Setaria viridis to Fast Track Unanswered Questions 
Underlying C4 Photosynthesis

The biochemistry of C4 photosynthesis was first described 50 years ago by Hal Hatch 
and Roger Slack (Hatch and Slack 1966), who proposed that a four-carbon compound 
is produced in a series of reactions to reduce CO2 into sugars. In subsequent years, 
elegant biochemistry coupled to anatomical characterizations of leaf tissues revealed 
that the pathway is partitioned into two specialized cells (Rathnam and Edwards 1975; 
Jenkins and Boag 1985; Hatch et al. 1988). In the vast majority of C4 plants, the M cells 
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are the sites of primary carbon fixation and use phosphoenolpyruvate carboxylase 
(PEPCase) to generate oxaloacetate (OAA) from bicarbonate (HCO3

−) and 
phosphoenol pyruvate (PEP). OAA is further reduced to malate or transaminated to 
form aspartate which is then shuttled into the adjacent BS cells for decarboxylation and 
fixation by Rubisco (Fig. 17.1; Furbank 2011). This two-step process allows C4 species 
to concentrate CO2 in the vicinity of RuBisCO (Ribulose 1,5-Bisphosphate Carboxylase/
Oxygenase) thus minimizing photorespiration (Sage et al. 2012; Sage 2013). There are 

Fig. 17.1 SEM of a Setaria leaf cross-section and a schematic view of the carbon flow of the C4 
NADP-ME subtype cycle between a M and BS cell: The NADP-ME subtype cycle starts when 
CO2 enters the cytoplasm of the M cells and is converted into bicarbonate by the CA (carbonic 
anhydrase) enzyme and fixed by PEPCase, resulting in OAA (oxaloacetate). OAA moves into the 
M chloroplasts where it is converted to malate by the MDH (NADP-Malate dehydrogenase) 
enzyme. The four-carbon malate moves into the BS chloroplasts where it is decarboxylated by 
NADP-ME to release the CO2 that is then refixed by RuBisCO in the Calvin Cycle. Pyruvate is 
generated after the decarboxylation of malate, shuttled back into the M chloroplasts, and is used to 
regenerate phosphoenolpyruvate (PEP) by the PPDK (pyruvate orthophosphate dikinase) enzyme. 
PEP is transported back into the M cytoplasm where it will be used as a substrate by PEPCase and 
restart the cycle. SEM image was pseudo-colored to highlight the different cell types. Vascular 
core: blue; Bundle sheath: green; Mesophyll: gray; Stomata: yellow; Trichomes: pink
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three primary decarboxylating enzymes in the C4 carbon cycle: NADP-ME 
(NADP-malic enzyme), NAD-ME (NAD-malic enzyme), and PCK (phosphoenol 
pyruvate carboxykinase), each of which accumulate preferentially in the 
BS. Interestingly, although all C4 species utilize PEPCase for primary carbon fixation, 
one or more decarboxylases are utilized (Muhaidat et al. 2007). NADP-ME is the 
preferred decarboxylating enzyme in maize, sorghum, Miscanthus, sugarcane, and 
Setaria (Table 17.1).

Kranz anatomy has been postulated to be one of the first steps necessary for the 
establishment of C4 photosynthesis (Sage et al. 2013). In C4 grasses, the differentiation 
of the BS and M cells in leaf blades follows the development of the leaf vasculature 
(Langdale et al. 1988). Although rice and many C3 grasses share a similar progression 
of vascular development, the C3 leaf contains fewer small and intermediate vascular 
bundles, and a largely non-photosynthetic BS (Nelson and Langdale 1989) 
(Fig. 17.2). As photosynthetic cells differentiate in C4 species, plastids acquire 
unique morphologies and functions in the BS and M cells, concomitant with the 
accumulation of differential enzymatic profiles and photosynthetic activities and 
metabolites (Majeran et al. 2008, 2010; Majeran and van Wijk 2009; Pick et al. 
2011; Wang et al. 2014; Li et al. 2010). Importantly, the developing grass leaf is an 
excellent system to map the initiation and maturation of the photosynthetic machinery, 
as it follows a basipetal pattern of cellular differentiation with the oldest cells at the 
tip of the leaf differentiating prior to the youngest cells that are at the base of the leaf 
blade. This specialized aspect of grass leaf development enables the use of discrete 
transverse leaf sections to serve as a proxy for a developmental time series in order 
to interrogate changes that occur at the cellular and subcellular level during the 
establishment of C4 photosynthesis.

In recent years, an expanded set of tools has been applied to better understand C4 
photosynthesis in panicoid grasses that include global proteomic (Majeran et al. 
2008, 2010) and transcriptomic surveys (Wang et al. 2013, 2014; Li et al. 2010). By 
examining the shifting profiles of protein/transcript abundance across different tis-
sue types and/or developmental stages, these studies have implicated hundreds of 
putative C4 genes. These candidate genes likely encode enzymes, transporters, and 
transcriptional regulators necessary for the installation and maintenance of a complex 
C4 photosynthetic machinery, but functional validation of these genes remains very 
limited (Hibberd and Covshoff 2010; Burgess and Hibberd 2015). In maize, for 
example, dissection of early stages of the foliar and husk leaf development enabled 
the identification of several transcription factors likely involved in the increased vein 
density found in C4 tissues (Wang et al. 2013). However, experimental validations 
of C4 candidate genes are rarely described (Studer et al. 2014; Furumoto et al. 2011; 
Bailey et al. 2000; Furbank et al. 1996; Von Caemmerer et al. 1997, 2005; Pengelly 
et al. 2012). Historically, this was partially a consequence of the genetic limitations 
of the model systems used where transformation technology or mutant screens were 
arduous and time consuming (Brutnell et al. 2015). One of the major challenges with 
maize as a model system is the long generation time, large genome size, and the need 
for field or greenhouse space to grow plants to maturity, in addition to the high cost 
and time frame required for plant transformation and  regeneration. To date, the pri-

17 Setaria viridis as a Model for C4 Photosynthesis
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mary obstacle in functional validation of C4 regulators has been the lack of a simple 
and efficient transformation platform. For example, to introduce a single construct 
into an inbred line of maize may take as long as 1 year to produce seed from a few 
transgenic maize plants and cost $5000 per construct (http://agron- www.agron.
iastate.edu/ptf/pricing/AgrobacteriumMaizeTransformation.aspx). Propagation of 
the plants in greenhouses adds additional costs. For instance, at the Donald Danforth 
Plant Science Center, space requirements and costs to propagate 100 maize transgenic 
plants are approximately ~350 ft2 of greenhouse, with a monthly cost of ~$1250. In 
contrast, Setaria transformation can be performed in as little as 3 months, and the 
cost to propagate and maintain Setaria transgenics is considerably lower, as no more 
than three trays would be required for the same number of transgenics.

17.1.1  Exploiting Grass Synteny in Gene Discovery

A surprisingly high proportion (87 %) of transcripts share the same BS/M specificity 
between maize and Setaria (John et al. 2014) indicating a strong evolutionary conser-
vation between these two C4 lineages. This highly conserved profile of gene expression 
between Setaria and a distantly related panicoid grass suggests that similar conservation 
in cell-type enriched gene expression profiles will be shared with other panicoids such 
as sorghum and sugarcane. These findings also suggest that similar genetic regulatory 
modules have been co-opted for C4 development and function. Setaria (a member of 
the Paniceae tribe) diverged from maize and other Andropogoneae grasses (e.g., 
Miscanthus, sugarcane, and sorghum) approximately 25 mya and does not share the 
same origin of C4 with the Andropogoneae grasses. However, both Setaria and maize 
utilize NADP-ME as the major decarboxylase in the BS. Moreover, the same ortholo-
gous NADP-ME gene family member was recruited in Setaria and maize. Interestingly, 
switchgrass and guinea grass that acquired C4 at approximately the same time as 
Setaria, use NAD-malic enzyme (NAD-ME) and phosphoenolpyruvate carboxykinase 

Fig. 17.2 Schematic view of the leaf cell organization in a C3 (A) and C4 (B) grass. Extent of 
plastid differentiation and localization in the BS is indicated by intensity of green shading

17 Setaria viridis as a Model for C4 Photosynthesis
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(PCK) as their primary decarboxylases, respectively (Brutnell et al. 2010; Emms et al. 
2016). From an engineering perspective, cross-species differences and similarities in 
the C4 biochemistry observed in Setaria and other C4 grasses could provide opportuni-
ties to discover pathways or genes in one grass and engineer these traits into another. 
The choice of decarboxylases can be quite versatile in some species (Furbank 2011); in 
maize for example, PCK accounts for a small but significant proportion (~25 %) of the 
C4 decarboxylation activities (Wingler et al. 1999). In fact, when the primary pathway 
of malate import is impaired through the mutation of the malate transporter DCT2, 
maize lines can survive to maturity and produce seeds through the utilization of the 
PCK pathway (Weissmann et al. 2016). There also appears to be significant plasticity 
in the recruitment of transporters. One early study (Aoki et al. 1992) suggests that 
Andropogoneae species use a sodium-dependent pyruvate transport system, in contrast 
to other PACMAD species that use a proton-dependent pyruvate transport system. 
Expressing enzymes and transporters of the PCK pathway and the pyruvate transport 
system in Setaria would elucidate whether plants expressing multiple decarboxylases 
may benefit from the increased metabolite flow in the C4 cycle and potentially enhance 
the overall photosynthetic rates.

Although much progress has been made in elucidating the biochemistry underlying 
C4 photosynthesis, the regulatory networks that drive the formation of Kranz 
anatomy have remained much more elusive. To date, the growth hormones, gene 
networks, and regulatory circuits that underlie the differentiation of the BS and M 
cells remain undefined (Langdale 2011). As several cell-specific transcriptomic 
datasets have been published in the last few years (Li et al. 2010; Wang et al. 2013; 
John et al. 2014; Chang et al. 2012), it is now possible to develop testable hypoth-
eses and validate them through functional genomics in Setaria viridis.

Perhaps one of the most intriguing hypotheses put forward in recent years 
(Slewinski et al. 2012, 2014; Slewinski 2013) is that SHORTROOT (SHR) and 
SCARECROW (SCR) homologs have been recruited to help pattern BS/M differen-
tiation in C4 grasses from an ancestral C3 program that patterns both the BS in the 
shoot and the endodermis in the root (Nakajima et al. 2001; Cui et al. 2007; Di 
Laurenzio et al. 1996; Wysocka-Diller et al. 2000). Recent studies suggest that the 
development of BS cells in Arabidopsis thaliana (Cui et al. 2014) and in maize 
(Slewinski et al. 2012, 2014) require members of the SHR and SCR families. In the 
roots, the regulatory mechanisms by which SHR/SCR specify the endodermal cell 
layer in Arabidopsis is conserved among species (Wu et al. 2014), an indication that 
the function of these genes in BS/M differentiation might be also conserved among 
C4 grasses as well. Regulatory networks often involve the function of a number of 
factors belonging to large gene families, for example, the SHR/SCR genes belong 
to the GRAS family (Rim et al. 2011), that in maize comprises more than 80 mem-
bers. It has been shown that other members of the GRAS family, such as SCL23 and 
RGA1 may also function as cell specification factors in the leaves and roots (Cui 
et al. 2014; Moubayidin et al. 2016). Similarly, candidates belonging to the 
INDETERMINATE DOMAIN (IDD) family of transcription factors that are also 
known to modulate SHR/SCR activity in the roots (Long et al. 2015; Moreno- 
Risueno et al. 2015) were highlighted in independent comparative transcriptomics 
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studies in maize and Setaria as potential Kranz anatomy regulators (Wang et al. 
2013; John et al. 2014). It is likely that S. viridis will become an important model 
system to dissect the potentially complex interactions among the IDD, SHR, and 
SCR family members.

17.2  Conclusions

Given the wealth of recent -omics datasets, the C4 community is now poised to 
functionally dissect the regulatory and developmental controls of C4 photosynthesis. 
Setaria viridis has emerged as an excellent genetic model plant for C4 grasses with 
great potential to accelerate the pace of discovery in understanding C4 biochemistry 
and Kranz anatomy (Martin et al. 2016; Fouracre et al. 2014). However, as the 
majority of C4 -omics datasets have been generated in maize and sorghum (Majeran 
and van Wijk 2009; Majeran et al. 2010; Pick et al. 2011; Li et al. 2010; Wang et al. 
2009, 2013; Ponnala et al. 2014), there remains a need to more deeply explore ana-
tomical, proteomic, and gene expression profiles of S. viridis. Gene/anatomical/
proteomic atlases of the S. viridis leaf will provide an important foundation for 
future S. viridis studies. As detailed in Chaps. 18 and 19, potential mutants in nearly 
all genes of S. viridis are likely segregating in NMU-mutagenized lines. The ability 
to perform crosses (Jiang et al. 2013) in Setaria viridis and prolific seed production 
are attractive features, especially when coupled to the genetic resources available 
with precise genome engineering through the use of CRISPR/Cas9 technology. This 
allows one to rapidly target candidate genes that may be involved in the biochemistry 
and developmental regulation of C4 photosynthesis. Ultimately, fundamental 
questions will be more rapidly answered using Setaria viridis, and the discoveries 
translated to important agricultural crops, such as rice (Hibberd et al. 2008) and 
bioenergy feedstocks.
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Chapter 18
Forward Genetics in Setaria viridis

Hui Jiang, Pu Huang, and Thomas P. Brutnell

Abstract Forward genetics is a powerful approach to identify mutations and genes 
underlying traits of interest. Typically, screens begin with chemical mutagenesis of 
seed or pollen to generate a collection of novel alleles. Dominant or semidominant 
mutants can be identified in screens of M1 plants and recessive mutants identified in 
screens of M2 families following self-pollination of the M1. During the last few 
years, the low cost of next-generation sequencing (NGS) has enabled mapping by 
sequencing, greatly accelerating the process of gene discovery. As an alternative to 
mutagenesis, quantitative trait loci (QTL) mapping and genome-wide association 
studies (GWAS) are powerful tools to explore natural variation. In this chapter, we 
describe the development of a Setaria viridis NMU-mutagenized population using 
the sequenced reference line A10.1. Strategies for screening mutant populations are 
described as techniques using bulked segregant analysis by sequencing or direct 
sequencing of the mutant lines to identify causative lesions underlying mutant phe-
notypes. We will also discuss strategies to develop recombinant inbred lines (RILs) 
and MAGIC mapping populations in Setaria viridis.

Keywords Setaria viridis • Forward genetics • NMU mutagenesis • Recombinant 
inbred line • Bulked segregant analysis by sequencing

18.1  Introduction

Screens of mutagenized populations for a phenotype of interest followed by fine 
mapping to a genetic interval remain a powerful technique for gene discovery in 
plants. Generally referred to as forward genetics, this approach has been used exten-
sively in many plant model species and numerous crops (Sikora et al. 2011). Although 
the mutagen may vary (chemical, radiation, or biological such as insertional 
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mutagenesis by transposable elements or T-DNA insertions), the goal is usually to 
map a trait of interest to a genetic locus. Validation of the mapping can be achieved 
either by fine mapping multiple alleles or, when transformation is possible, by com-
plementing the mutant phenotype with a transgene. To explore extant genetic varia-
tion in natural populations, the techniques of QTL mapping and Genome-Wide 
Association Study (GWAS) are often employed. In QTL mapping biparental crosses 
are performed to generate an F1 hybrid. Self-pollination or backcrossing is then 
performed to create structured populations that can be screened for variation in 
traits of interest. In GWAS associations are made between phenotypic and geno-
typic variation present in large populations often of 200–1000 genetically diverse 
individuals. Each of these methods offers unique advantages and limitations to 
exploring genetic variation. In this chapter, we will discuss several methodologies 
that are under development to facilitate gene discovery in Setaria viridis through 
forward genetic approaches.

18.2  Chemical Mutagenesis in Setaria viridis

Chemical mutagenesis is an efficient way to create point mutations distributed 
throughout the genome that produce abundant phenotypic variation and enable the 
validation of gene function. Compared to other methods of mutagenesis, such as 
irradiation and insertional mutagenesis, chemical mutagenesis has two major 
advantages. The first is that it can deliver a uniform density of mutants across the 
genome, which, depending upon the dosage of mutagen, permits saturation of 
mutagenesis using relatively few plants. The second advantage is that chemical 
mutagenesis not only generates loss-of-function mutants but also generates domi-
nant or semidominant gain-of-function alleles. The disadvantage of chemical muta-
genesis has traditionally been in the time-consuming effort to clone the gene 
underlying the mutant phenotype, which requires multiple crosses, fine mapping 
and positional cloning, and the validation of gene function by genetic transforma-
tion. However, with the advent of next-generation sequencing (NGS), the identifi-
cation of causative mutations has become less rate limiting [e.g., mapping by 
sequencing (Schneeberger 2014)].

There are three chemical mutagens that have been widely used for mutagenesis: 
Ethyl methane sulfonate (EMS), N-Nitroso-N-methylurea (NMU), and N-ethyl-N- 
nitrosourea (ENU). As alkylating agents, these mutagens typically cause single 
nucleotide substitutions and ultimately result in missense, nonsense, or inappropri-
ately spliced transcripts. These three mutagens have been widely used in forward 
genetics of plants including Arabidopsis, rice, sorghum, maize, barley, wheat, 
tomato, soybean, medicago, pea , rapeseed, cabbage, melon, oat, peanut, and 
sunflower (Sikora et al. 2011). EMS can alkylate guanine bases, which results pri-
marily in G/C to A/T transition mutations (Koornneef et al. 1982); NMU functions 
by transferring its methyl group to nucleic acids, which can lead to AT to GC transi-
tion mutations, and has been used for mutagenesis of rice and soybean (Suzuki et al. 
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2008; Cooper et al. 2008). ENU preferentially induces A to T base transversions, AT 
to GC transitions, and has also shown to cause GC to AT transitions. ENU has been 
widely used in mutagenesis of mice (Tokunaga et al. 2014; Moresco et al. 2013) but 
not extensively in plants.

Setaria viridis is an emerging model system for C4 grasses, and closely 
related to important crops including maize and sugarcane. Therefore, establish-
ing a forward genetics pipeline in Setaria viridis can speed the identification and 
characterization of genes of interest that can be translated to closely related 
crops. However, to date, no large-scale mutagenesis program has been reported 
for Setaria viridis. We have piloted both EMS and NMU mutagenesis using 
Setaria viridis (A10.1) seeds. The EMS treatment was not effective based on the 
germination rates of treated seeds and the frequency of sectors in the leaves of 
M1 plants (data not shown). NMU mutagenesis of Setaria viridis was successful 
and resulted in the development of a population consisting of 20,000 M2 fami-
lies. The following section describes the methodology employed to achieve the 
saturation mutagenesis.

18.2.1  Materials

18.2.1.1  Choice of Parental Genotype

We chose to conduct mutagenesis in the sequenced accession A10.1 to facilitate 
downstream analyses of mutants. In Arabidopsis, genotypes targeted for mutagen-
esis have included ‘wild-types’ Landsberg erecta (Ler) and Columbia (Col) (Maple 
and Moller 2007). Setaria viridis A10.1 is the current genetic model and has been 
widely distributed in the Setaria viridis research community. Setaria viridis A10.1 
was also targeted as the reference genome for Setaria viridis (recently released 
9/20/15) and therefore was the logical initial target for NMU mutagenesis. 
However, whole genome resequencing has been completed for about 460 Setaria 
viridis accessions at 30× coverage through JGI-DOE (see Chap. 3). Thus, the 
availability of genome sequence for Setaria viridis should not limit the examina-
tion of accessions with unique features. For example, it will be beneficial to per-
form the mutagenesis in the accession ME034V-1, which can be transformed at a 
higher efficiency (Chap. 20).

18.2.1.2  The Dosage of Mutagen

In general, the use of high dosages of chemical mutagens can yield more mutants 
in a single screen, which allows the screening of relatively small mutagenized 
populations that contain large numbers of mutations. However, a very high muta-
tional load can cause sterility and loss of viability. Moreover, it can lead to an 
increase in unwanted mutations at multiple loci, which can later complicate the 
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downstream positional cloning process. At the other extreme, a mild mutagenic 
treatment will result in low frequencies of mutations and will therefore require 
extensive screening to obtain mutants of interest.

A simple method to measure the effectiveness of a mutagenesis experiment is to 
score the germination rate of the M1 seeds and estimate the frequency of chlorotic 
sectors in M1 plants. In Arabidopsis, a frequency of 0.1–1 % chlorotic sectors in M1 
plants can indicate effective mutagenesis, while in the M2 screen, 2–10 % of M2 
families should have pigment phenotypes (Maple and Moller 2007). In Setaria viri-
dis A10.1, soaking seeds in freshly prepared 20 mM NMU for 3 h resulted in a 
germination rate of 32 % in M1 seeds, and 17 % of M1 plants had chlorotic sectors; 
while a treatment of 20 mM NMU for 4 h resulted in a germination rate of 17 % in 
M1 seeds, and 32 % of the M1 plants had sectors. Therefore, 20 mM NMU for 3 h 
or 4 h are the optimal conditions to develop the Setaria viridis A10.1 mutagenized 
population. The purity of the NMU can also affect the efficiency of the mutagenesis, 
and thus the condition of treatment may need to be further optimized depending on 
distributors of NMU. The NMU tested in earlier experiments was ordered from 
Sigma (St. Louis, MO).

18.2.1.3  Other Materials for Seed Treatment

• NMU (N-nitroso-N-methylurea): NMU should be freshly ordered for every 
experiment because of product instability. Always handle NMU under a 
chemical fume hood. Wear a lab coat, safety glasses, and doubled gloves for 
any manipulation. Anything that has been in contact with the NMU should not 
be taken out from the hood, except in a properly sealed waste container. NMU 
is an extremely toxic compound when in contact or inhaled. A material safety 
data sheet (MSDS) must be obtained from the NMU manufacturer and read 
before conducting the mutagenesis experiment to ensure that all local regula-
tions are met.

• Milli Q water
• Falcon tubes (50 mL)
• Parafilm
• Shaker
• Setaria viridis A10.1 seeds with a good germination rate (>90 %)

18.2.2  Methods

18.2.2.1  Generation of the NMU Mutant Population

In a typical experiment, seeds of wild type (M0 seeds) are treated with the muta-
gen (Fig. 18.1). The plants grown from the mutagenized seeds represent the M1 
generation and will be heterogeneous and chimeric for induced mutations. The 
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progeny derived from the self-pollinated M1 plants are the M2 generation, in 
which homozygous recessive mutations can be detected, and mutant phenotypes 
will be segregating in each family. Therefore, the M2 generation is most com-
monly used for forward genetic screens. However, it is important to note, that 
because the M1 plants are chimeras, M2 families will not always display a 3:1 
segregation pattern for single recessive alleles. Thus, M3 populations are often 
used to examine patterns of segregation and define the dominance or recessive 
nature of induced alleles.

Seeds of Setaria viridis A10.1 were mutagenized with different concentrations 
of NMU and variable times of treatment. One day prior to the experiment, 4000 
seeds were placed on Petri dishes (12 cm) containing Whatman filter paper 
imbibed with MilliQ (MQ) water, which facilitates the uptake of NMU (approxi-
mately 1000 seeds/petri dish). The seeds were then stored at 4 °C for 24 h. On the 
day of NMU treatment, seeds were transferred from petri dishes into 50 mL 
Falcon tubes, approximately 2000 seeds/tube. For the stock solution (100 mg/
mL), NMU (powder) was dissolved by adding MQ water and vortexing for at 
least 2 min to ensure that all NMU powder was dissolved completely. The stock 
solution was then diluted to the working concentration at 20 mM (i.e., 

M1 seeds

NMU

M1 plants M2 seeds

M2 seeds stock 
for screen 

12 M2 seeds 
/family

12 M2 plants 
/family

Genomic DNA extraction

M3 seeds index:
NMU_00001.1
NMU_00001.2P
NMU_00001.3m
NMU_00001.3mP
NMU_00001.4m

2

3

4

5

6

1

Fig. 18.1 Schematic of NMU mutagenesis and M2 mutant screen: (1) Setaria viridis seeds are 
mutagenized with NMU to produce M1 seeds. (2) M1 seeds are grown to produce M1 plants. (3) 
M1 plants are self-pollinated to generate M2 seeds. (4) Twelve M2 seeds per family are planted to 
produce M2 plants. (5) Leaf tissue is collected from one individual of each M2 family for genomic 
DNA extraction. (6) M2 generation is self-pollinated to produce M3 seeds. M3 Seeds harvested 
from different individuals in the same M2 family are indexed according to their phenotype and are 
stored at the seed bank for further verification. P pool, m mutant

18 Forward Genetics in Setaria viridis



308

60 mg/30 mL, or 2 mg/mL; mol wt. = 103.8 mg/mol) by adding MQ water to 
make the desired volume for all seeds. About 30 ml NMU working solution was 
added into each Falcon tube that  contained 2000 seeds. The Falcon tubes were 
sealed tightly with Parafilm and then placed horizontally in a shaker (200 rpm at 
room temperature) for 3 h and 4 h, respectively. After shaking, the NMU solution 
was poured out in an appropriate container (for decontamination). The seeds 
were then rinsed, at least four times, with MQ water. All the waste should be 
stored in a safe area in the hood prior to deactivation. Once rinsed, the seeds were 
placed on a paper towel and left to dry for 30 min before sowing. Seeds can be 
sown directly in soil at a density of approximately 200–300 seeds/flat (each flat 
containing 18 cells). At the same time, nontreated A10.1 seeds should be sown in 
one tray with the same density to be used as a control for germination and pheno-
type scoring. The tray should be bottom watered to keep the soil moisture as 
described (Jiang et al. 2013). M1 plants were grown in a growth chamber 
(31 °C/22 °C (day/night), 12 h light/12 h dark, RH: 30–50 %), or in a green house 
(31 °C/22 °C (day/night), 16 h light/8 h dark, RH: 30–50 %). The germination 
rate and the frequency of white/yellow sectors in leaves of M1 plants were scored 
and used to estimate the effectiveness of NMU treatment. In general, A10.1 
plants flower 21–23 days after sowing when grown in the growth chamber (under 
short day conditions), and 28–30 days after sowing when grown in the green 
house (under long day conditions). A10.1 seeds tend to shatter once becoming 
mature; therefore, it is important to decide the right time for seed harvesting to 
avoid losing seeds from M1 plants due to shattering. In general, seeds should be 
harvested 3–4 weeks after flowering.

18.2.2.2  Strategy for M2 Seed Harvesting

We have employed two strategies for harvesting seed of Setaria viridis following 
mutagenesis. The first is to harvest M2 seeds from each M1 plant. Although it 
involves substantially more effort and time, this method is advantageous when two 
mutants with a similar phenotype are recovered from two different M1 families, as 
they are considered two independent mutations. In addition, the dominant/recessive 
nature of a mutant phenotype can be approximated based on the segregating ratio 
in each M2 family, facilitating downstream analyses. The second strategy is to pool 
the M2 seeds from M1 plants grown in each tray, approximately 200 M1 individu-
als/pool. The advantage of pooling is that it saves time and effort for seed harvest-
ing. However, the disadvantage of this method is that if M2 plants from the same 
tray of M1 individuals have the same mutant phenotype one should assume that the 
mutants have been derived from the same M1 plant. Therefore, only plants from 
different pools are considered independent mutants. Both strategies have been used 
in the development of our mutant collections. Approximately 15,000 M2 families 
were harvested from individual M1 plants and 5000 M1 plants were harvested as 
pools (~200 M1 plants/pool).
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M2 seeds from 1 to 2 panicles per M1 individual were harvested and stored in 
barcoded indexed coin envelopes (Fig. 18.1). Seeds were dried at 30 °C for 3 days 
in a seed drier. The dried seeds were then stored in the laboratory (T: 24.1 °C ± 0.13 °C, 
RH: 21.2 ± 1.15 %) or in a seed chamber (T: 4.0 °C ± 1.0 °C, RH: 20 % ± 1 %) for 
future screening.

18.2.2.3  Protocol for Screening M2 Population

In order to maximize the number of recovered mutants presenting phenotypes of 
interest in each M1 plant, 12 seeds of each NMU M2 family are planted and 
scored for mutant phenotypes. As mentioned earlier, screens of M3 families are 
conducted to determine the dominant/recessive nature of the mutant alleles. When 
screening M2 families, a few Setaria viridis A10.1 seeds should also be planted in 
each flat as a control for phenotypic evaluation. To survey phenotypes in the popu-
lation, approximately 2000 M2 families were grown in the green house 
(31 °C/22 °C day/night, 16 h light/8 h dark, RH: 30–50 %) and plants scored at 
multiple developmental stages to identify mutant phenotypes. At 7–10 days after 
planting, albino, pale green, and yellow leaf mutants can be scored but mutants 
die soon after seed reserves are depleted. At 2–5 weeks after planting, leaf pheno-
types including zebra stripe, tie dye, rough narrow leaf, and adherent leaf can be 
identified along with plant stature mutants, including dwarf, stunted, and small. 
Other phenotypic traits that were examined included days to panicle emergence 
(PE), tiller number, and panicle mutants. Once an interesting mutant phenotype is 
identified, the individual that displays the mutant phenotype is flagged and bagged 
for seed harvesting and further verification. In general, 5–6 weeks after planting, 
all plants should be bagged individually or as a pool according to their identity to 
avoid seed lost. Usually seeds can be harvested 6–8 weeks after planting. Also, 
mutant phenotypes including low/nonseed shattering and late senescence can be 
scored at seed harvesting.

18.2.2.4  Diversity of Mutant Phenotypes

Of the approximately 2000 M2 families screened, approximately 30 % displayed 
visible mutant phenotypes. A diversity of phenotypes related to plant development 
and morphology were observed including abnormal leaf morphology and pigmenta-
tion (Fig. 18.2), plant stature and flowering time variants (Fig. 18.3), panicle pheno-
types (Fig. 18.4), and seed size mutants (Fig. 18.5). All the aforementioned mutants 
present morphological changes that are easily identified. However, the development 
of high-throughput phenotyping methods for screening will enable more sophisti-
cated screens that could aid in the identification of phenotypes that are not easily 
observed by eye such as alterations in growth rate, altered photosynthetic efficiency 
(e.g., Fv/Fm), and altered water use efficiencies.
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Fig. 18.2 Representative mutant leaf phenotypes of Setaria viridis NMU mutants. Scale bar: 1 cm

Fig. 18.3 Setaria viridis mutants with altered plant stature phenotypes. Left panel shows the com-
parison between wild-type A10.1 and a mutant with large panicle, tall stature, and late flowering 
phenotype. Right panel shows four mutants with short stature phenotype. Scale bar: 5 cm
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18.2.2.5  Indexing of M3 Seeds

To maintain the integrity of the M3 populations and to track the seed pedigree, M3 
seeds harvested from individual plants of the M2 family NMU_00001 were indexed 
(Table 18.1).

Fig. 18.4 Panicle phenotypes of NMU mutants. Bar length: 1 cm
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18.2.3  Bulked Segregant Analysis (BSA) by Sequencing 
in Setaria viridis

The advent of next-generation sequencing technologies has enabled the develop-
ment of new strategies to identify the causative lesion underlying mutants of 
interest (Schneeberger 2014). As detailed later, we have developed an approach to 
fine map genes of interest using a modified bulked segregant approach (Michelmore 
et al. 1991).

18.2.3.1  Experimental Design: Crossing Scheme, Pool Size, and Coverage

The experimental design of fine mapping depends on many aspects, including the 
genome size of the organism, generation time, feasibility of crossing, penetrance and 
dominance of the mutation, mutation rates, as well as total cost to map the causative 

Fig. 18.5 Seed size phenotypes of NMU mutants. Three seeds from each NMU family are used 
for comparison. Scale bar: 5 mm

Table 18.1 Index of M3 seeds from a M2 family NMU_00001

Index of M3 seeds Description

NMU_00001.1 Seeds of one individual plant from which genomic DNA was extracted

NMU_00001.2P Seeds of a pool of individual plants that do not show an obvious 
phenotype

NMU_00001.3m Seeds of one individual plant that presents a phenotype of interest

NMU_00001.3mP Seeds of a pool of individual plants that show the same mutant 
phenotype as that of individual NMU_00001.3m

NMU_00001.4m Seeds of one individual plant that has a different phenotype of interest 
from that of NMU_00001.3m

P pool, m mutant

H. Jiang et al.



313

mutation. If possible, mutants should be self-pollinated to generate a true- breeding 
stock for phenotypic evaluations and outcrossed to the parental line or genotypically 
diverse line for bulked segregant analysis.

One advantage to crossing the mutant with a nonparental line is that the existing 
natural variation and induced chemical variation may serve as genetic markers, 
resulting in more precise candidate gene intervals, although it is dependent on the 
number of recombination events in the F2 mutant pool. The large number of mark-
ers distributed throughout the genome enables the accurate assessment of allele 
frequencies even at low sequence coverage levels. This is particularly useful when 
the mutation frequency of the mutagenized lines is low resulting in few markers for 
fine mapping. In Arabidopsis, sequencing a pool of 500 mutant F2 recombinants at 
a 22× genome coverage resulted in the identification of a single nonsynonymous 
SNP candidate, and later confirmed as the causative SNP for slow growth and light 
green leaves mutant phenotype (Schneeberger et al. 2009). In Mimulus lewisii, Yuan 
et al. (2013) pooled 100 F2 mutant recombinants of an outcrossed population and 
sequenced it at 55× coverage of the pool. In this study, it was possible to fine map 
the guideless mutant within a 50 kb interval that contained nine genes, in which a 
2-bp frameshift insertion in an exon was confirmed as the causative mutation for the 
change of formation of nectar guides. However, one major disadvantage of out-
crossing populations is that it introduces phenotypic variation that can interfere with 
subtle phenotypes, depending on the penetrance and expressivity of the mutant phe-
notype. Scoring complex and subtle phenotypes increases the likelihood of incon-
sistent or inaccurate categorization of plants, which may have severe effects on 
mapping by sequencing, especially when the pool size of F2 mutants is relatively 
small (Schneeberger 2014).

In contrast, backcrossing the mutant to the parental line allows for subtle and 
complex phenotypes to be scored without confounding second site suppressors or 
enhancers. Another advantage is that only SNPs generated by mutagenesis are used 
as markers to map the candidate region harboring the causative mutation. Thus, 
fewer SNPs need to be considered, and the causative mutation can be easily identi-
fied if the coverage is sufficient. Moreover, fewer F2 mutant individuals are needed 
to bulk sequence and map the causative mutation compared to the outcrossing popu-
lation (Abe et al. 2012).

Ultimately, the final number of candidate causal mutations is strongly affected by 
the sequencing coverage and the mutation rate of the mutagenesis (Schneeberger 
2014; James et al. 2013). An in silico study in Arabidopsis showed that mapping in 
near-isogenic populations required higher sequence coverage compared to mapping 
in diverse populations (James et al. 2013). An empirical study in Arabidopsis showed 
that one causal mutation was identified for a leaf hyponasty mutant after sequencing 
a pool of 110 backcrossed F2 (BCF2) mutants at 50× coverage (Allen et al. 2013). 
Austin et al. (2011) reported that one gene involved in cell wall biology in Arabidopsis 
was successfully mapped using as few as ten BCF2 progeny. In rice, Abe et al. (2012) 
and Takagi et al. (2015) sequenced two pools of 20 BCF2 mutant progeny at a cover-
age >12×, and successfully mapped causative mutations responsible for pale green 
leaf and hitomebore salt tolerant 1(hst1) mutant phenotypes, respectively.
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Setaria viridis is similar to Oryza sativa, in terms of genome size, outcrossing 
rate (less than 1 %), and residual heterozygosity in the genome. Thus, the 
MutMap method for bulked-segregant analysis by whole genome resequencing 
of a BCF2 progeny used in rice (Abe et al. 2012) may serve as a useful model for 
mapping genes in Setaria viridis. A major advantage in developing an isogenic 
backcross population in Setaria viridis is that an optimal method for crossing 
A10.1 has been established (Jiang et al. 2013), and the current NMU mutant 
population has been developed in the A10.1 background. In this case, no further 
optimization for crossing is needed if A10.1 is used as the female parent. In sum-
mary, to map an NMU mutant in Setaria viridis, it is recommended that mutant 
plants be backcrossed to the parental line and a pool of >20 F2 mutant recombi-
nants be used for deep sequencing. Sequence data for these lines at 20×–30× 
coverage (at least 1× coverage/mutant) should narrow the candidate gene inter-
val to a small number of SNP candidates. To demonstrate the protocol for 
bullked-segregant analysis by sequencing in S. viridis, an example is shown later 
for the sparse panicle 2 mutant (ssp2).

18.2.3.2  Protocol of Bulked-Segregant Analysis by Sequencing in S. viridis

A recessive mutant with a sparse panicle phenotype (named as spp2) was identified 
in a NMU M2 screen and was then self-pollinated to produce M3 seed fixed for the 
mutant phenotype. To map the gene that underlies the sparse panicle phenotype, the 
mutant was crossed as a male onto A10.1, the wild-type progenitor. Three F1 prog-
eny were planted and all F1 plants displayed a wild-type panicle phenotype, indicat-
ing that the spp2-1 mutant allele is recessive (Fig. 18.6). This was confirmed after 
scoring 82 F2 progeny that segregated wild type:sparse panicle in an approximately 
3:1 ratio (58:24,chi sq. p value = 0.3721), indicating that the ssp2-1 allele is reces-
sive. Leaf samples from each individual presenting the sparse panicle phenotype 
were collected for DNA extraction using a modified CTAB method (http://www.
danforthcenter.org/scientists-research/principal-investigators/thomas-brutnell/
resources). Each DNA sample was treated with RNaseA, and the final DNA concen-
tration determined using the Qubit broad DNA quantification kit (Lot No. 1691775, 
Invitrogen). Equal quantities of DNA from a total of 20 mutants were pooled. 
Pooled DNA was sheared and used for Illumina library construction following the 
methods of Lindner et al. (2012) and sequenced to a depth of 30× coverage. The 
MutMap method (Abe et al. 2012) for sequence analysis was used to identify the 
causative mutation for the ssp2 mutant phenotype. The general principle of the 
MutMap method is to first scan the genome to create a SNP index, defined as the 
ratio between the number of reads of a mutant SNP and the total number of reads 
corresponding to the SNP interval, in order to find the region with a SNP index of 1. 
This region is expected to harbor the gene responsible for the mutant phenotype, 
because in a pool of BCF2 mutants, the causative SNP and the closely linked SNP 
should be 100 % mutant and 0 % wild type for all of the reads. Using this method, 
we anticipate delimiting the mutant interval to approximately 1 Mb, which may 
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contain about five disruptive SNPs, thus a short list of candidate genes can be gener-
ated based on gene annotation. Once the genes are identified, they can be validated 
using CRISPR/Cas9 technology (see Chap. 19).

18.2.3.3  Applications and Perspective

The subfamily Panicoideae contains some of the world’s most productive cereal 
grasses, including maize and sorghum. However, the majority of these grasses are 
large and long lived, which impedes efforts to identify and validate gene candidates. 
Setaria viridis is a tractable model for rapid gene candidate identification due to its 
short life cycle and small stature. As shown in (Fig. 18.6), we estimate that the time 
from mutant discovery to candidate gene can be as short as 7 months. In contrast, 
the same approach in maize would take at least 14 months in a greenhouse or longer 

Fig. 18.6 Schematic of bulked segregant analysis by sequencing in S. viridis. Right panel: proce-
dure for bulked segregant anlaysis by sequencing to map a sparse panicle 2 mutant. Left panel: 
time line from mutant discovery to candidate gene identification
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in the field. Furthermore, only six flats (18 inserts/flat) are required to screen 100 
S. viridis M2 families (12 individuals/family) while an entire greenhouse is needed 
to screen 100 maize individuals to maturity. Moreover, in order to achieve the same 
genome sequence coverage, the cost of sequencing a bulked BCF2 population in 
maize will be four times that of Setaria, since the maize genome size (~2300 Mb) is 
four times larger than S. viridis (~515 Mb). In conclusion, the use of S. viridis for 
BSA by sequencing to map genes that underlying traits of interest has the advan-
tages of time, labor, and cost saving.

18.2.4  Direct Sequencing of Mutants and Mutant Families

18.2.4.1  Why Direct Sequencing

Sequencing of the F2 mutant pool by BSA is a reliable approach to map the causal 
mutation(s) of a mutant phenotype. On the other hand, direct sequencing of indi-
viduals or family pools with mutant phenotypes is becoming an increasingly feasi-
ble approach. The biggest advantage of direct sequencing compared to BSA is that 
it is both simpler in terms of labor and faster. As mentioned earlier, BSA requires 
two generations (a backcross and self-pollination), DNA extraction, and pooling of 
a large number of F2 mutants. When the mutant phenotype is not directly visible 
(e.g., photosynthetic rate), screening a large number of F2 lines for a mutant pheno-
type can be quite labor intensive. With the BSA approach it takes approximately 7 
months to identify the causal gene/region in S. viridis, and much longer (some times 
more than 14 months) in crop species such as maize and sorghum. Direct sequenc-
ing of an individual or a pool of mutant families can be done within weeks, depend-
ing on the turnaround time of the sequencing results.

Mutagenesis by NMU usually generates thousands to tens of thousands of SNPs in 
the genome (Koornneef et al. 1982). A major challenge in the direct sequencing 
approach is that it might not provide enough resolution to map the causal mutation 
down to a single SNP or gene interval, in comparison to BSA. However, the results 
from direct sequencing may be reasonably satisfactory if coupled to other approaches 
to prioritize the list of genes and candidates for targeted approaches. Targeted 
approaches such as RNAi or with gene editing are becoming increasingly easier, faster, 
and precise, and are also generally required to fully characterize the functions of a 
target gene. Following we discuss additional methods to prioritize candidate genes.

18.2.4.2  Prioritizing Candidate Genes from Direct Sequencing

Homozygosity. First, to observe a fixed stable mutant phenotype, the locus of the 
causal mutation of the mutant individual or mutant family should be homozygous, 
assuming it is a recessive mutant phenotype. A plot can then be generated for the 
alternative allele count for every SNP observed in the genome versus the physical 
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location where the SNP is mapped to determine regions with homozygosity. The 
causal mutation is most likely contained in these regions. If the mutant individual/
family pool is in the M3 generation, this can exclude about half of the genome. On 
average, successive backcrossing to a wild-type progenitor will further reduce the 
number of potential causative SNPs but will not save time over BSA.

SNP effect prediction. The causal SNP is generally expected to have a large pheno-
typic effect. Software packages such as snpEff (Cingolani et al. 2012) can catego-
rize SNPs into different functional categories—intergenic, intronic, synonymous, 
missense, gain/loss of intron splicing sites, and gain/loss of start/stop codon. The 
first three categories, intronic, intergenic, and synonymous SNPs are less prone to 
generate phenotypic effects; while the others (denoted as disruptive), especially pre-
mature stop codons and the loss of a start codon, are more likely to result in a loss-
of-function allele, and thus have a higher chance of inducing an obvious mutant 
phenotype. For missense mutations, the effects of amino acid substitutions can be 
potentially predicted via homology-based searches using packages such as SIFT 
(Ng and Henikoff 2001). For example, a change of amino acid in a highly conserved 
motif relating to a particular molecular function is more likely to cause strong allelic 
effects.

Gene annotations. Another intuitive way to identify causal mutations is to examine 
the gene annotations directly. Similar molecular functions and phenotypic effects 
may be expected between S. viridis and other grasses, or even in dicot species such 
as Arabidopsis. The existing annotations of the list of candidate genes can be further 
refined using tools like Blast2Go (Conesa et al. 2005). Although this criterion 
involves more manual inspection, examining the gene annotations occasionally can 
identify some “obvious candidates” depending on the mutant phenotypes: for exam-
ple, a decreased tillering phenotype with a mutation in the TEOSINTE BRANCHED 
1 ortholog.

Summarizing criteria and limitations. None of the criteria mentioned earlier can 
alone satisfactorily make predictions of candidate causal mutations. For example, 
SNP effect predictions may ignore SNPs in the promoter region leading to expres-
sion level changes, while gene annotations alone may bring a large number of seem-
ingly related candidates. Both methods are also affected by misannotation in grass 
genomes in general. However, summarizing information from both methods could 
lead to a higher chance of predicting the causal SNP (e.g., a homozygous SNP with 
a premature stop codon that excludes an important functional domain in a gene that 
potentially is correlated to the phenotype). Additional information, such as coex-
pression gene networks and a gene atlas for Setaria will be available soon (Jiang & 
JGI unpublished data) and should also be integrated into the analyses. Ultimately, 
when sufficient experimental data is accumulated, comprehensive predictive mod-
els can be built to make more reliable predictions. Importantly, these models can be 
applied to BSA results as well (when BSA mapping resolution is not enough to 
identify a single gene).
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When multiple mutants of similar phenotype are available, there is the possibility 
to fine map using direct sequencing. For instance, if two mutants are allelic (i.e., dif-
ferent mutations in the same underlying gene), then the causal mutation should be 
within homozygous regions in both mutant families, and likely have independent 
nonsynonymous changes in the two mutant families. This can greatly narrow down 
the list of candidate genes. For instance, in two mutant families (grainy leaf 1, and 
grainy leaf 2) with similar phenotype (virescent or pale), we identified only one single 
gene with independent homozygous nonsynonymous mutations in both mutant fami-
lies, making it a likely candidate. We are currently in the process of further dissecting 
the mutant phenotype and testing allelic status by crossing the two mutant families.

18.2.4.3  Other Usages of Direct Sequencing

In addition to directly prioritizing a list of candidate genes, direct sequencing of 
individual mutants or pools of mutants from the same family can be useful in other 
ways. First, it gives estimates of mutation frequency and disruptive mutation fre-
quency in the mutant population. This provides a base line to calculate the size of a 
mutant population that is required to saturate the genome with certain number of 
high impact SNPs. Second, it can provide markers to screen F1 hybrids. When a 
wild type is used as the maternal parent (e.g., low fertility or difficulties in perform-
ing crosses using mutant lines as a female parent), a hybrid is not directly visible 
and molecular makers are required to identify a true F1 hybrid. Third, it provides 
markers for a more precise BSA. By examining the mutant allele frequency in the 
sequenced mutant lines, SNPs caused by mutagenesis should have an allele count of 
1 (heterozygotes) or 2 (homozygotes). Thus, they can be distinguished from remain-
ing heterozygotes or SNPs caused by mapping errors that most likely have a fre-
quency higher than 2. Finally, it could potentially facilitate reverse genetics. If a 
gene of interest is known to have a strong effect in a mutant individual, predicted 
phenotypes can be further examined in that individual, especially when the pheno-
types are difficult to screen using forward genetic approaches.

18.3  Development of Recombinant Inbred Lines (RILs) 
 in S. viridis

18.3.1  Introduction

During the last few decades, there have been many studies in plant model species 
and crops that exploit natural variation as a forward genetics tool. The use of recom-
binant inbred lines (RILs) is important to dissect the genetic architecture of com-
plex traits, since each line is nearly homozygous and can be propagated as 
genetically identical individuals. RIL populations thus allow the genotyping and 
phenotyping of many traits under various environmental conditions. In Arabidopsis, 
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around 60 RIL populations are available from stock centers (Weigel 2012), and 
methods have been developed to speed up the production of double haploid plants 
from RILs (Ravi and Chan 2010). All these resources have greatly facilitated the 
study of natural variation in Arabidopsis and allowed fundamental questions of 
biology to be addressed. The classical biparental RIL population provides high 
mapping power but is limited by low resolution due to the shortage of diversity and 
recombination events. Recently, multiparent advanced generation intercross 
(MAGIC) populations have been developed in many model plants and crops, 
including Arabidopsis, rice, wheat, and maize (Kover et al. 2009; Bandillo et al. 
2013; Mackay et al. 2014; Dell’Acqua et al. 2015; Huang et al. 2015). MAGIC 
populations have produced populations with abundant genetic diversity but less 
subpopulation structure than association mapping, and higher mapping power than 
biparental mapping panels (Dell’Acqua et al. 2015). MAGIC populations are thus 
an important resource for dissecting the genetic basis of natural variation. In rice, 
MAGIC populations have provided important prebreeding materials harboring use-
ful traits derived from multiple elite breeding lines.

Setaria viridis is an emerging model for C4 grasses, thus identification of genes in 
S. viridis may lead to the identification of homologous loci important for agronomi-
cal important traits in important crop and biofuel grasses. However, to date, in Setaria 
only two RIL populations derived from crosses between S. viridis and S. italica have 
been published. One population was derived from a cross between S. italica acces-
sion B100 and S. viridis accession A10 (Wang et al. 1998; Bennetzen et al. 2012), 
and a number of QTLs for flowering time difference, shattering, height, branching, 
and biomass in Setaria were identified using 182 F7 RILs from this population 
(Mauro-Herrera et al. 2013; Doust et al. 2014; Mauro-Herrera and Doust 2016) (see 
also Chap. 12). Another Setaria RIL population was derived from a cross between 
Yugu1, a S. italica cultivar developed in China, and a wild S. viridis accession col-
lected from Uzbekistan. Several osmotic stress-related QTLs were identified by 
using 190 F7 lines from the Yugu1 × S. viridis population (Qie et al. 2014). To explore 
the rich genetic diversity among wild S. viridis accessions, and to reduce the segrega-
tion distortion due to the crosses performed between different subspecies, RIL popu-
lations derived from diverse S. viridis × S. viridis accessions are needed.

Recently, a collaboration between several laboratories and JGI-DOE has enabled 
whole genome resequence of 430 Setaria accessions at 30× coverage. The genetic 
diversity and population structure of these largely North American S. viridis 
accessions have been studied (Huang et al. 2014) (Chap. 3). In our laboratory, six 
S. viridis RIL populations have been initiated, derived from crosses made between 
A10.1, a S. viridis accession used as a reference genome sequence (http://phyto-
zome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sviridis_er), and six diverse 
S. viridis lines, which were selected based on 12 SSR markers to maximize the 
genetic diversity (from a set of 150 Setaria viridis accessions). Among the six RILs, 
one RIL population consists of 280 RILs derived from a cross between A10.1 and 
Roche 10106, a drought tolerant accession. This A10.1 × Roche 10106 population 
has been developed through single seed decent (SSD) to the F5 generation and will 
be self- pollinated to the F8 generation. Genotyping of F5 progeny will be analyzed 
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using GBS and F6 seeds will be retained as HIFs (heterogeneous inbred families), 
which will be used for fine mapping QTLs for trait of interest such as the identifica-
tion of drought stress related QTLs.

18.3.2  Protocol to Develop S. viridis RIL Populations

Parental line selection: There are several possible strategies to identify parental 
lines that are largely dependent on the goals of the QTL mapping experiment. In 
all cases, diversity estimates of the populations should first be quantified and esti-
mates of population structure determined. Populations can then be generated from 
genetically diverse individuals. However, the choice of parental lines will largely 
vary with goals for mapping. For instance, if the objective is to map genes that 
contribute to heat and cold tolerance, a population can be generated by crossing a 
parent line that was isolated from a hot environment (e.g., Texas) to a line isolated 
from a cool environment (e.g., Minnesota) with the goal of capturing a range of 
diverse alleles that contribute to growth under temperature extremes. Another 
approach is to screen a core set of Setaria viridis accessions, which represent the 
maximum genetic, geographic, and environmental diversity for abiotic stress tol-
erance. Selected tolerant lines can be used as parents to develop RILs in order to 
identify genes involved in different pathways that plants have developed to adapt 
to similar environments.

RIL development: Once two parents are selected, they are crossed to each other to 
develop biparental RIL populations. The F1 seeds are self-pollinated to F2 progeny. 
Ideally at least 200 F2 progeny should be self-pollinated and true-breeding lines 
generated through single seed descent (SSD) to the F8 generation. Genotyping of 
RILs through GBS will enable the determination of breakpoints and aid in the 
development of markers. To fine map traits of interest we recommend genotyping at 
the F5 generation using GBS, and to retain the F6 seeds as HIFs, which will be used 
to fine map the QILs of interest that will be discovered afterward.

18.3.3  Future Perspectives

In addition to developing RIL populations, the use of MAGIC populations (Huang 
et al. 2015) could complement GWAS studies of natural collections to genetically 
dissect traits such as tolerance to abiotic stresses such as drought, cold, low nitro-
gen, or phosphate. Ultimately, a major goal in our group is to understand the mecha-
nisms underlying variation to abiotic stress. Thus, exploiting a number of approaches 
from mutagenesis to GWAS surveys will enable a deep exploration of the genetic 
variation that underlies traits of interest. What will facilitate all of these studies is 
access to well-characterized germplasm. Thus, the storage and distribution of seed 
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stocks will be critical for the community. Currently, seeds can be accessed in the US 
through the USDA (http://www.ars-grin.gov/cgi-bin/npgs/html/taxon.pl?430573). 
Linking genotypic data with specific germplasm will be increasingly important as 
genome sequencing technologies reduce the time and expense associated with 
whole genome sequencing.
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Chapter 19
Transposon Tagging in Setaria viridis

Kazuhiro Kikuchi, Christine Shyu, and Thomas P. Brutnell

Abstract Transposon tagging populations are important resources for characteriz-
ing gene function in model plant systems. In Setaria viridis, a transposon tagging 
population utilizing the miniature Ping (mPing) element was generated by introduc-
ing a construct containing mPing and the transposase Ping into accession A10.1. 
Transformants were screened for the presence of the transgene and mPing insertions 
were identified using nested inverse-PCR coupled with Illumina sequencing. Here 
we describe step-by-step protocols for generating the Setaria viridis mPing popula-
tion, introduce methods for genotyping mPing insertion alleles, and discuss future 
implementations of the system.

Keywords mPing • Setaria • Transponson tagging • Inverse PCR

19.1  Introduction on Transposon Tagging and mPing

Transposon tagging is a powerful method to study gene function and has been uti-
lized extensively in plant genetics. Transposons can be used in both forward and 
reverse genetic screens to generate mutations in known genes (Brutnell 2002; Izawa 
et al. 1997; Gierl and Saedler 1992). In general, transposon tagging exploits trans-
posable elements to create novel genetic variation throughout the genome. In for-
ward genetics, genes of interest can be cloned using sequences within the transposons 
as molecular tags and in reverse genetic screens, novel alleles of the gene of interest 
can be generated and studied. Populations are often maintained as independent lines 
containing a few to hundreds of single gene insertions that can serve as a rich 
resource for gene structure/function studies.

To exploit transposon tagging in Setaria viridis, we established a population of 
Setaria viridis (A10.1) plants harboring the rice miniature Ping (mPing) element. 
mPing is an active miniature inverted repeat transposable element (MITE) first 
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identified in rice (Jiang et al. 2003; Kikuchi et al. 2003; Nakazaki et al. 2003). It is 
a nonautonomous element that transposes at high frequency and is activated by the 
autonomous elements Ping and Pong. mPing is 430 base pairs in length and prefer-
entially transposes into promoter regions (Naito et al. 2009). Because of its small 
size and high transposition rate, mPing has been introduced into several species 
including soybean (Hancock et al. 2011), Arabidopsis thaliana (Yang et al. 2007), 
and yeast (Hancock et al. 2010) to serve as a mutagen.

To build an mPing population in Setaria viridis, a construct containing 
mPing, Ping, and a hygromycin-resistant cassette was transformed into acces-
sion A10.1 (See Fig. 19.1). Transformants were screened for the presence of the 
transgene, and nested inverse polymerase chain reaction (NiPCR) coupled with 
high-throughput sequencing was used to determine the mPing locations. In 
total, 41 independent T1 lines containing mPing at multiple sites were generated 
as a resource for reverse genetics in Setaria viridis. Here we provide detailed 
protocols to develop a Setaria viridis mPing population and discusses future 
implementations of the system.

Fig. 19.1 Overview of the 
development of mPing 
transposon-tagging 
populations. (a) Transgenic 
construct design. The 
construct was made using 
pBIN19 as the backbone. 
(b) Schematic overview for 
screening and identifying 
mPing insertion lines
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19.2  Methods and Protocol

19.2.1  Constructs and Generation of Transposon-Tagging 
Population

To introduce mPing into Setaria viridis, carry out the following steps:

 1. Build a construct containing the 430 bp mPing element and a full length Ping 
element with the target site duplication and terminal inverted regions from rice 
cv. Nipponbare into a pBIN19 plasmid (Bevan 1984) backbone carrying a 35S:: 
HYGROMYCIN PHOSPHOTRANSFERASE (HPT) cassette (Fig. 19.1a).

 2. Transform this construct into Setaria viridis using the transformation protocol 
described in Chap. 18 (Van Eck et al.).

 3. Self-pollinate T0 lines that are positive for the transgene and harvest seeds for 
further screening.

 4. Plant individual T1 seeds and collect T2 seeds.
 5. Plant 12 T2 seeds from each of the T1 plants and harvest leaf tissue from each T2 

individual to identify the location of the mPing insertion (Fig. 19.1b).

19.2.2  DNA Extraction

 1. Harvest three small pieces of young leaf tissue (about 3 × 3 mm2 each) from each 
T2 plant and place into individual wells containing three metal beads in a 96-well 
plate. Harvest samples from 12 T2 seedlings from each independent T1 line.

 2. Add 200 μL KAZU buffer in each well and incubate in a 37 °C shaker at 300 rpm 
for 30 min to isolate DNA. Note: KAZU buffer is a newly developed DNA extrac-
tion buffer that significantly reduces time and cost of traditional DNA extraction 
methods and has been successfully used for DNA extraction of multiple grass 
species including Setaria viridis (KAZU buffer—Kerafast cat. #EDD003).

 3. In a new plate, prepare a 1/8-in. whole punch of filter paper (Whatman) in each 
well. Add 20 μL of the solution onto the filter paper to bind DNA.

 4. Use 100 μL of TE to wash the DNA. Repeat this washing step once.
 5. Place DNA samples in a 65 °C dry bath for 10 min to evaporate excess solution 

from the filter paper.

19.2.3  Nested Inverse PCR

To amplify regions in the genome where mPing is inserted, use nested inverse poly-
merase chain reaction (NiPCR) on DNA isolated from segregating T2 individuals. 
iPCR is a variant of PCR that is used to amplify sequences that flank a region of 
known sequence and nested iPCR includes an additional PCR step to add barcodes 
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onto the PCR amplicons (Ochman et al. 1988) (Fig. 19.2a). Following is the detailed 
protocol of NiPCR that includes DNA digestion, self-ligation, and two rounds of 
PCR amplification.

 (a) DNA digestion

 1. Add DNA (bound to dried filter paper; see previous section) to 1.4 mL 
matrix tubes (Thermo Scientific #4140) together with the restriction enzyme 
cocktail. For one reaction, use 3 μL NEBuffer, 0.5 μL AluI restriction 
enzyme (10,000 units/mL) and 26.5 μL nuclease-free water. Mix the sample 
well by pipetting.

 2. Incubate the reaction at 37 °C for 2 h, then place matrix plate in incubator at 
65 °C for 10 min to terminate the reaction.

 3. Centrifuge the matrix plate for 30 s and continue immediately to the self- 
ligation step.

 (b) Self-ligation

 1. Prepare the master mix for the self-ligation reaction as follows (for a 100 
sample reaction): 200 μL of T4 Ligase Buffer, 50 μL of T4 DNA Ligase and 
750 μL of nuclease-free water.

Fig. 19.2 Schematic overview of nested inverse polymerase chain reaction (NiPCR), library con-
struction, and bioinformatic analysis of the Setaria viridis mPing population. (a) NiPCR pipeline. 
Blue arrows in step 4 indicate primers that target subterminal regions of mPing. Blue and red 
arrows in step 5 indicate Terminal Inverted Repeat (TIR) primers that include 6 bp barcode 
sequences. (b) Library construction and bioinformatic analysis pipeline

K. Kikuchi et al.
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 2. Aliquot 10 μL of the master mix solution into each well. Then transfer 10 μL 
of restriction enzyme digested DNA solution to the new plate that contains 
the master mix. Make sure to mix the digested DNA sample thoroughly by 
pipetting up and down before transferring to the tubes with the master mix.

 3. Centrifuge the plate for 5 s, then place in a thermocycler for an overnight 
incubation at 16 °C. If not continuing directly with the iPCR reaction, store 
the self-ligated solution at −20 °C.

 (c) First PCR (iPCR I)

 1. Prepare PCR reactions in a new 96-well plate containing the following reagents 
(for 100 samples): 25 μL GoTaq Polymerase, 500 μL 5× PCR GoTaq Buffer, 
50 μL dNTP Mix, 250 μL Primer Duplex Mix (contains primers that target the 
subterminal region of mPing; Fig. 19.2a), and 1175 μL nuclease-free water.

 2. Aliquot 20 μL of the master mix solution for each reaction and mix with 
5 μL of self-ligated DNA into the corresponding well.

 3. Mix the samples well, centrifuge, and amplify with the following cycles:

 (i) 95 °C 5 min
 (ii) 95 °C 30 s
 (iii) 50 °C 1 min
 (iv) 72 °C 1 min
 (v) Go to step (b) and repeat 29 times
 (vi) 72 °C 7 min
 (vii) 10 °C Infinite hold

 4. PCR products can be stored at −20 °C.

 (d) Second PCR (iPCR II)

 1. Set-up a new 96-sample PCR Plate with a master mix containing the follow-
ing reagents (for 100 samples): 50 μL GoTaq Polymerase (Promega #M300), 
1000 μL PCR GoTaq Buffer, 100 μL dNTP Mix, 3350 μL nuclease-free 
water.

 2. Mix 45 μL of the master mix solution with 2.5 μL of PCR products from the 
first PCR reaction.

 3. Transfer 2.5 μL of Terminal Inverted Repeat (TIR) primer with unique bar-
code sequences (Table 19.1) into the PCR tubes. It is important to track each 
primer–sample combination for future informatics analysis.

 4. Mix reaction well, centrifuge samples, and place into thermocycler using the 
following conditions:

 (i) 95 °C 5 min
 (ii) 95 °C 30 s
 (iii) 60 °C 1 min
 (iv) 72 °C 1 min
 (v) Go to step (ii) and repeat 29 times
 (vi) 72 °C 7 min
 (vii) 10 °C Infinite hold

19 Transposon Tagging in Setaria viridis
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 5. iPCR II products now have unique barcodes for each sample. The products 
of a single 96-sample plate can now be pooled into a single 1.2 mL 
Eppendorf tube and stored for future library construction and DNA 
sequencing.

19.2.4  Illumina Library Construction

To precisely map mPing insertion sites, prepare DNA sequencing libraries for 
Illumina sequencing (Fig. 19.2b). The procedure used for Illumina library con-
struction includes PCR product pooling and cleanup, DNA fragmentation, end 
repair, dA-tailing, universal adapter ligation, PCR amplification, and size selec-
tion. Detailed protocols of each step are described as follows. High-throughput 
sequencing of NiPCR amplified fragments will yield mPing-junction fragments.

 (a) PCR product pooling and cleanup

 1. Take 10 μL of each iPCR II product from each well into a single 1.5 mL 
Eppendorf tube (plate pool). Label the tube with the corresponding 96-Well 
Matrix plate number (i.e., plate 1, 2, etc.).

 2. Purify PCR products using a PCR purification kit (Qiagen #28104) with 
an additional wash step using 750 μL 80 % ethanol. For a 960 μL pool, 
elute purified PCR products in 100 μL of nuclease-free water and label as 
Q-DNA.

 3. Store the Q-DNA samples at −20 °C for future library construction and DNA 
sequencing.

 (b) Heat DNA fragmentation

 1. Aliquot 20 μL of Q-DNA sample into five new PCR tubes and label each one 
“i–v”. Incubate samples at 95 °C in a thermocycler.

 2. Place each of the five tubes in the thermocycler for different time incre-
ments, for example:

 (i) 0 min at 95 °C
 (ii) 15 min at 95 °C
 (iii) 20 min at 95 °C
 (iv) 30 min at 95 °C
 (v) 45 min at 95 °C

 3. Label the tube to correspond to the amount of time at 95 °C.
 4. Load 10 μL of each sample onto a 2 % agarose gel together with a 100 bp 

and 1 kb DNA ladder to check fragmentation of samples (Fig. 19.3).
 5. Mix the remaining 10 μL samples from each tube (i–v).
 6. Store pooled sample at −20 °C for end-repair and library construction.
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 (c) End repair

 1. Create a master mix that contains: 2 μL 10× NEBuffer No 2, 2.5 μL 1 mM 
dNTP mix, 0.5 μL (1U) Klenow (large fragment) enzyme, and 5.0 μL of 
nuclease-free water.

 2. Add 10 μL of pooled sample from the heat DNA fragmentation step and mix 
well by pipetting.

 3. Incubate samples at 37 °C for 30 min in a thermocycler followed by 10 min 
at 70 °C to terminate enzyme activity.

 (d) dA-tailing

 1. To the 20 μL sample, add the following: 3 μL of 10× NEBuffer No 2, 1 μL 
of 1 mM dATP, 0.5 μL of Klenow (3′–5′ exo) enzyme, and 25.5 μL of 
nuclease- free water. Mix thoroughly by pipetting.

 2. Place the 50 μL sample at 37 °C for 30 min followed by 10 min at 70 °C to 
terminate enzyme activity in the thermocycler.

 (e) Universal adapter ligation

 1. Aliquot 10 μL of dA-tailed DNA into a new PCR tube and add the following: 
1 μL of Illumina adapter (5 mM; Table 19.2), 2 μL 10× ligation buffer, 1 μL 
of T4 DNA Ligase, and 6 μL of nuclease-free water.

 2. Incubate the mixture overnight at 16 °C in the thermocycler.

 (f) PCR amplification

 1. Aliquot 2 μL of self-ligated DNA (100 ng) into new PCR tubes. To each of 
the samples, add a mixture of the following: 5 μL of 5× Fidelity Buffer, 1 μL 
of 10 mM dNTP, 0.75 μL Index Primer (10 mM), 0.75 μL Universal Primer 
(10 mM), 0.5 μL KAPA Hi Fi Hot Start DNA Polymerase, and 15 μL 
nuclease- free water.

 2. Place the 25 μL samples in thermocycler under the following conditions:

 (i) 95 °C 2 min

Fig. 19.3 Gel 
electrophoresis of samples 
after the heat 
fragmentation step. 
Samples are then pooled 
for end repair
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 (ii) 98 °C 20 s
 (iii) 65 °C 30 s
 (iv) 72 °C 20 s
 (v) Go to step (ii) and repeat 15 times.
 (vi) 72 °C 5 min
 (vii) 12 °C Infinite hold

Table 19.2 Primer sequences used in Illumina library construction

Adapter  
and PCR 
primers Sequence 5′–3′
Universal 
adapter 1

A*A*TGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT 
TCCGAT*C*T

Universal 
adapter 2

/5Phos/G*A*TCGGAAGAGCACACGTCTGAACTCCAGTC*A*C

Universal 
primer

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTC 
CGATCT

Index 
primer 1

CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGT

Index 
primer2

CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGT

Index 
primer3

CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGT

Index 
primer4

CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGT

Index 
primer5

CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGT

Index 
primer6

CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGT

Index 
primer7

CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGT

Index 
primer8

CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGT

Index 
primer9

CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGT

Index 
primer11

CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAGACGTGT

Index 
primer12

CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGT

Index 
primer13

CAAGCAGAAGACGGCATACGAGATTTGACTGTGACTGGAGTTCAGACGTGT

Index 
primer14

CAAGCAGAAGACGGCATACGAGATGGAACTGTGACTGGAGTTCAGACGTGT

Index 
primer15

CAAGCAGAAGACGGCATACGAGATTGACATGTGACTGGAGTTCAGACGTGT

Index 
primer16

CAAGCAGAAGACGGCATACGAGATGGACGGGTGACTGGAGTTCAGACGTGT

Index 
primer17

CAAGCAGAAGACGGCATACGAGATCTCTACGTGACTGGAGTTCAGACGTGT

*Phosphorothioated DNA bases
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 (g) Size selection
Carry out the following bead-based separation protocol to size-fractionate DNA 
fragments.

 1. Prepare XP beads (Beckman Coulter, Inc cat #A63880) by vortexing thor-
oughly at a high speed and keep on ice while not in use.

 2. To discard larger DNA fragments, use a 1:1 ratio of PCR product to XP 
beads by pipetting 25 μL of XP beads into the 25 μL of PCR product sam-
ple and mix thoroughly.

 3. Incubate the mixture at room temperature for 6 min.
 4. Place tubes on a magnetic strand and allow metal beads to be pulled com-

pletely out of the solution.
 5. Transfer this supernatant (50 μL) into a new PCR tube. Discard the beads.
 6. Bind smaller DNA fragments to beads by adding 50 μL of new XP beads to 

50 μL of supernatant.
 7. Incubate mixture at room temperature for 6 min.
 8. Place tubes on the magnetic stand and allow metal beads to be pulled com-

pletely out of the solution.
 9. Discard the supernatant carefully without losing any beads and wash twice 

with 75 % ethanol.
10.  Let the beads dry in open air or using a small fan. Cautiously handle beads 

so that they are not disturbed when drying.
 11.  Elute the beads in 24 μL of Qiagen EB and mix the beads by pipetting 

thoroughly.
 12. Incubate samples at room temperature for 2 min.
 13.  Place the tube on the magnetic stand and allow metal beads to be pulled 

out of the solution.
 14.  Transfer the supernatant into a new PCR tube and discard the beads. The 

supernatant is the final library and can be loaded on a 2 % agarose gel for 
quality control.

 15. Samples can be stored at −20 °C before submitting for sequencing.

19.2.5  Illumina Sequencing and Analysis

 1. Sequence depth will depend on the complexity of the pool size. [Assuming 
100 nt sequencing runs × 4 fragments × 96 PCR product × 100 × coverage = 3, 
840,000 reads.]

 2. To identify mPing insertion sites, assign samples to a plate using the adaptor/
index sequence, and individual samples identified using the 6 bp barcode 
sequence. Only consider reads that carry both mPing and flanking sequences for 
mPing placement.

 3. To reduce false positives, check for junction fragments that have the sequence 
TNA (mPing’s degenerate target site) immediately flanking the 3′ or 5′ TIR.
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 4. Align these reads to the genome of Setaria viridis (Phytozome v11) and map 
reads using the GSNAP program (Wu and Nacu 2010; Wu and Watanabe 2005).

 5. Filter candidate insertions generated by this process to select high quality candi-
dates for experimental validation. Consider putative insertion sites supported by 
less than 50 reads as low quality candidates and remove them from list. Merge 
remaining locations if predicted insertions sites are less than 50 base pairs apart 
from each other.

 6. Locate the insertion genomic position isolate information on the annotated 
function of the nearest gene (if any) to the insertion site based on the Setaria 
viridis genomic sequence. In our experiment, 70 insertions were identified via 
this approach.

19.2.6  Confirm Genotyping and Characterization of Lines

Use a PCR to verify mPing insertions in each individual line. Use primers target-
ing 150 bp upstream and downstream of the insertion site to check for the pres-
ence of mPing. A PCR product size shift of 430 base pairs is expected when 
mPing is inserted (Fig. 19.4). This PCR validation can be used to both verify the 
correct mapping of the mPing insertion as well as determine the zygosity of the 
insertion (one band—homozygous, two bands—hemizygous; Fig. 19.4). 
Alternatively, use a TIR primer (5′-CCATTGTGACTGGCC-3′) specific for 
both ends of mPing coupled with a gene-specific primer to verify insertion sites. 
PCR validation is best performed using DNA extracted from T2 plants, then 
confirmed in T3 families in order to determine if the insertion events were 
somatic or germinal events.

Fig. 19.4 Example of mPing insertion in promoter region of gene of interest. (a) Cartoon of 
mPing line AC69 with mPing insertion in promoter region of Sevir.9G376600. (b) Genotyping 
PCR of mPing insertion in A10.1 and line AC69. Primer locations are indicated by arrows in (a). 
The results suggest that AC69 is homozygous for mPing in the promoter region of Sevir.9G376600
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Because mPing is prone to insert in promoter regions, it is important to con-
firm alterations in gene expression. Quantitative-PCR is recommended to deter-
mine expression levels of the target gene before performing phenotypic analyses. 
Multiple backcrosses to A10.1 are recommended to minimize background effects.

19.3  Future Implementations

The mPing population not only broadens the tool set for reverse genetics in 
Setaria viridis, but also creates new possibilities for gene characterization given 
the preference for mPing to insert into promoter regions. Rapid development of 
genome editing techniques also opens new avenues for reverse genetic tools that 
can leverage mPing populations. Example future implementations are discussed 
as follows:

19.3.1  Engineering CRISPR-Cas9 Systems to Target mPing 
and Generate Additional Alleles

Clustered, regularly interspaced, short palindromic repeat (CRISPR) technology is 
a rapidly developing technology for genome editing and engineering. It is com-
posed of a guide RNA (gRNA) and a RNA-guided nuclease (such as Cas9) that 
targets genomic sequences complementing the gRNA for single- or double-
stranded breaks [reviewed in Sander and Joung (2014)]. The precision of a CRISPR 
RNA- guided DNA–protein complex enables additional utility including transcrip-
tional activation (CRISPRa), transcriptional repression (CRISPRi), or fluorescent 
tagging [reviewed in La Russa and Qi (2015)]. In transcriptional applications, the 
nuclease domains of the Cas9 protein are mutated, creating a nuclease-deactivated 
Cas9 (dCas9). dCas9 is fused to transcriptional activation domains such as VP64 
(Konermann et al. 2013; Gilbert et al. 2013; Maeder et al. 2013; Perez-Pinera et al. 
2013), transcriptional repression domains such as the Krüppel-associated box 
(KRAB) domain of Kox1 (Margolin et al. 1994), or fluorescent proteins (Chen 
et al. 2013) to achieve diverse functions upon targeting specific genomic regions. 
This opens new avenues to targeted transcriptional manipulation, which can be 
broadly applied to medical as well as agricultural engineering.

We envision applications for both CRISPRa and CRISPRi coupled to the Setaria 
mPing population to create novel variation for gene functional characterizations. As 
mPing preferentially inserts into promoter regions, constructs containing dCas-
 VP64 and gRNA sequences targeting mPing can be introduced into mPing lines to 
generate transgenic lines that have increased expression of genes flanking mPing 
insertions. Alternatively, dCas9 can be fused to the Ethylene-responsive element 
binding factor-associated amphiphilic repression (EAR) motif, which is an  important 
transcriptional repression domain broadly present in hormonal and developmental 
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signaling pathways in plants (Kagale and Rozwadowski 2011), to create alleles that 
have reduced transcriptional expression. A combination of dCas9-VP64 and dCas-
EAR lines along with the original mPing line can thus create an array of transgenic 
lines that have different expression levels of the targeted gene of interest (Fig. 19.5). 
Because gene expression levels in these systems are all regulated by trans-acting 
dCas9 proteins, genomic DNA sequences of the target gene are identical between 
lines, creating a more homogenous background for phenotypic comparison. 
Moreover, although CRISPR systems theoretically can target a very broad range of 
genomic sequences, gRNA efficiencies often vary (Hsu et al. 2013; Bortesi and 
Fischer 2015). Optimizing gRNA sequences that target mPing thus provides the 
advantage of high-efficiency targeting of any mPing line, creating a library of 
standard dCas9 constructs that can be used broadly in mPing populations. The 
dCas9 cassettes could be introduced by transformation or through simple crosses 
once stock lines have been generated. Taken together, this system combining 
mPing with dCas9 constructs would provide important building blocks for gener-
ating a broad range of transgenic lines that are crucial for studying gene function.

Fig. 19.5 Utilizing CRISPRa (a) and CRISPRi (b) to activate or repress mPing-targeted gene 
expression, respectively. (a) CRISPRa. dCas9 will be fused with an activation domain such as 
VP64 to activate downstream transcription. A gRNA targeting the 3′ end of TIR in the mPing ele-
ment will guide the dCas9-activator complex to mPing regions. (b) CRISPRi. Similar to CRISPRa, 
a dCas9 fusion protein with transcriptional repressor domains will be guided to mPing regions 
through an mPing-specific gRNA for targeted gene repression
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19.3.2  Engineering mPing for Stress-Inducible Gene Tagging

Given that mPing preferentially inserts into promoter regions, direct engineering 
of the mPing sequence also allows manipulation of downstream gene expression. 
mPing is composed of 430 base pairs that includes 15 base pair terminal inverted 
repeats at both ends of the sequence (Kikuchi et al. 2003). Cis-element scanning 
of the mPing sequence identified multiple stress-responsive regulatory motifs, and 
it has been hypothesized that mPing plays a role in providing binding sites for 
transcription factors to induce gene expression upon stress (Naito et al. 2009). 
However, in addition to stress-responsive regulatory motifs, there is also a wide 
array of hormonal and developmental regulatory motifs, potentially blurring the 
response. Thus, engineering mPing to contain repetitive stress-responsive cis-
elements such as the abscisic acid-responsive element (ABRE) or dehydration-
responsive element (DRE) (Yamaguchi-Shinozaki and Shinozaki 1994, 2005) will 
allow stronger and more specific stress-inducible gene expression of the mPing 
target. Building populations with these ABRE- or DRE-enriched mPing elements 
will expand the toolkit for Setaria genetics and potentially identify novel genes 
involved in stress responses.

In addition to stress-responsive cis-elements, hormonal-responsive or cell-type 
specific regulatory domains can also be engineered in mPing to accommodate dif-
ferent biological questions. These resources can allow identification and character-
ization of genes involved in specific regulatory pathways while minimizing the 
chance of having lethal lines when critical genes are altered at the whole-plant level. 
Though engineering mPing to contain constitutive promoters can be very appealing, 
most constitutive promoters utilized in grass systems such as the maize ubiquitin 
promoter 1 (Christensen and Quail 1996) and rice actin promoter (McElroy et al. 
1990) are well over 400 base pairs, exceeding the length for endogenous mPing to 
actively transpose. However, detailed functional characterization of mPing 
sequences and an understanding of the mPing transposition mechanism are at a very 
early stage. Exploring the maximum length of sequences that can be engineered into 
mPing without affecting mPing excision and transposition activity, as well as char-
acterization of the minimal sequence for constitutive expression in grass systems 
will allow more sophisticated manipulations of the mPing system.

19.3.3  Expanding mPing Populations with Existing  
mPing Lines

Although only 41 independent mPing lines are available in the current Setaria mPing 
population, additional lines can be generated through introducing autonomous elements 
through crossing or transformation. mPing has the ability to attain copy numbers as high 
as 1000 elements in the rice genome (Naito et al. 2006). Though detailed mechanisms 
of mPing transposition are yet to be explored, it is understood that the autonomous 
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transposases Ping and Pong play critical roles in mPing excision (Yang et al. 2007). The 
Setaria mPing population was initially generated with a full length Ping element 
(Fig. 19.1). However, Ping activity was lost after three generations, resulting in stable 
mPing lines for characterization (Kazihiro Kikuchi, unpublished). Reintroducing Ping 
into the mPing population has the potential to reactivate mPing transposition, thus 
expanding the population and creating additional mPing insertion lines that target a 
broader percentage of genes. Once the desired number of independent lines are obtained, 
Ping elements can then be crossed out to stabilize insertions. This system can be broadly 
applied to mPing populations with endogenous mPing sequences as well as engineered 
mPing sequences as mentioned in the previous section.

19.4  Summary and Outlook

This protocol describes the construction of an mPing population in Setaria viridis 
(A10.1), providing a first demonstration of mPing movement in a panicoid grass and 
laying a foundation for reverse genetics. The system utilizes the MITE mPing, 
which preferentially inserts into promoter regions. A construct containing mPing, an 
autonomous Ping, and a hygromycin-resistant cassette was transformed into Setaria 
viridis (A10.1) and populations screened for mPing transposition. NiPCR coupled 
with high-throughput sequencing was performed to determine mPing insertion sites. 
Finally, a population of 41 independent lines was developed that contains multiple 
mPing insertions. This database largely utilizes molecular tools developed for 
Setaria viridis and serves as a valuable addition to genetic resources. This system 
provides the basis for a wide array of implementations utilizing characterized stress 
regulatory elements, CRISPRa and CRISPRi technology, as well as further manipu-
lation of the mPing system itself. Resources generated from transposon tagging in 
Setaria will complement rapidly developing technologies such as RNA- interference 
and CRISPR-Cas technology, greatly broadening the toolsets available in Setaria 
viridis and strengthening Setaria viridis as a model for panicoid grasses.
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Chapter 20
Agrobacterium tumefaciens-Mediated 
Transformation of Setaria viridis

Joyce Van Eck, Kerry Swartwood, Kaitlin Pidgeon, 
and Kimberly Maxson-Stein

Abstract Gene transfer methodology, often referred to as transformation, is an 
important component of a model system research platform. Availability of transformation 
methods markedly expand the application of a model. We chose to develop an 
Agrobacterium tumefaciens-mediated gene transfer method for Setaria viridis 
A10.1. Regenerable callus was recovered from mature seeds without seed coats that 
were disinfected and cultured on a Murashige and Skoog-based medium supple-
mented with 40 g/L maltose, 2 mg/L 2,4-dichlorophenoxyacetic acid, 0.5 mg/L 
kinetin, and 4 g/L Gelzan. The gelling agents Gelzan and Phytagel were found to be 
critical for recovery of a high quality callus as compared to agar that resulted in a 
gelatinous, brown, non-regenerable callus. For transformation, the callus was 
infected with the A. tumefaciens strain AGL1 that contained binary vectors with the 
hygromycin phosphotransferase selectable marker gene, which confers resistance to 
the antibiotic hygromycin. The transformation efficiency, which is defined as the 
percent of infected callus that gives rise to at least one independent transgenic line 
ranged from 0.3 to 15 % depending upon the vector backbone used to design con-
structs and the gene of interest that was either overexpressed or had a knockdown of 
expression. Transgenic lines were first verified by PCR, then positive plants were 
moved forward for copy number determination by either Southern or TaqMan® 
analysis. On average, 42 % of the transgenic lines contained one copy of the intro-
duced transgene. Availability of a transformation methodology has contributed to 
the adoption of S. viridis as a model species by researchers worldwide.
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20.1  Introduction

20.1.1  General Information on Gene Transfer Methodology

Plant biotechnology had its beginnings when tissue culture methods for generation of 
plants from cells were successfully combined with the ability to transfer genes of interest 
into plant cells. This greatly advanced studies related to gene identification and function 
with model and crop species, which has led to an enhanced understanding of gene net-
works and mechanisms. Gene transfer into plant cells has been achieved through direct 
DNA uptake into protoplasts (Paszkowski et al. 1984), delivery of DNA by particle 
bombardment (Sanford et al. 1987), and by Agrobacterium tumefaciens-mediated trans-
formation (Gelvin 2003). Each of these approaches has advantages and disadvantages 
that need to be considered when choosing a gene transfer method for a plant species of 
interest. The direct DNA uptake approach requires methods for plant regeneration from 
protoplasts, which can be difficult for many plant species. For particle bombardment, a 
gene gun must be available, which can be cost prohibitive, and for Agrobacterium-
mediated transformation the plant tissue needs to be amenable to infection by the bacte-
rium and also not be adversely affected.

We chose to use Agrobacterium tumefaciens for development of a transformation 
methodology for S. viridis because we routinely use it for transformation of other 
plant species; therefore, we have the experience and all the necessary resources. A. 
tumefaciens is a soil borne plant pathogenic bacterium that engineers the cells it 
infects to produce metabolites needed for its survival. Galls are produced at the sites 
of infection and eventually as the galls enlarge the plant’s phloem and xylem become 
compressed, which leads to the death of the plant.

Approximately 30 years ago, scientists used an altered form of an A. tumefaciens 
strain to produce transgenic lines of petunia, tobacco, and tomato in the laboratory 
(Horsch et al. 1985). In the years since that report, there have been an impressive num-
ber of reports of transformation of both dicots and monocots; however, initially, efficient 
transformation of monocots proved to be more problematic (Sood et al. 2011). This was 
due in part to a lack of efficient plant regeneration methodologies at that time and, in 
addition, monocots are not natural hosts of A. tumefaciens. Over the years, these barriers 
were overcome and successful Agrobacterium-mediated transformations of monocots 
have become more commonplace. There have been reports of various target tissues used 
for Agrobacterium infection of monocots that include immature embryos (Ishida et al. 
2007) and regenerable callus derived from immature embryos, immature inflorescences, 
and mature seeds (Burris et al. 2009; Lee et al. 2004; Song et al. 2011).

20.1.2  Background on the Process to Develop Methods 
for Setaria viridis

In this chapter, we describe development of methods for plant regeneration from 
mature seed-derived callus of Setaria viridis and Agrobacterium tumefaciens- mediated 
transformation using that callus as the target tissue. An earlier version of this method 
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was described in a report regarding the future of S. viridis as a model species for studies 
of C4 photosynthesis (Brutnell et al. 2010). Since publication of that early report, we 
have made changes to the methods (Van Eck and Swartwood 2015).

The first step in development of the S. viridis transformation methodology was to 
establish a tissue culture approach that would be highly efficient for plant regenera-
tion. Having an efficient regeneration system would improve the chances of recov-
ering transgenic plant lines. We reviewed the literature for reports on tissue culture 
methods for S. viridis, but the only reports we found were for its close relative, 
S. italica (Rao et al. 1988; Rout et al. 1998; Samantaray et al. 1999). In these reports, 
methods were outlined for production of a plant regenerable callus from mature 
seeds. Mature seed-derived callus has also been used for Agrobacterium-mediated 
transformation of other monocots such as rice (Ozawa 2009), switchgrass (Li and 
Qu 2011), and perennial ryegrass (Patel et al. 2013). In addition to the S. italica 
reports regarding seed-derived callus, there are also reports on callus derived from 
immature inflorescences (Reddy and Vaidyanath 1990; Vishnoi and Kothari 1996; 
Xu et al. 1984).

After reviewing the literature, we chose to initiate experiments with S. viridis 
according to the methods outlined in the reports for production of a regenerable S. 
italica mature-seed derived callus. There are advantages to using mature seeds as a 
starting material for callus when compared to immature inflorescences. Seeds can 
be easily stored, are readily available, and in our experience with other plant species 
are more easily disinfected than immature inflorescences. We can generate a large 
supply of S. viridis seeds that can in turn produce a larger amount of callus than is 
possible with immature inflorescences. In addition, there is less risk from the intro-
duction of insects such as thrips and spider mites into a tissue culture facility from 
mature seeds than immature inflorescences freshly harvested from plants grown in 
a growth chamber, greenhouse, or the field. Although the inflorescence material 
would undergo disinfection with decontaminant solutions of ethanol and bleach, the 
eggs of insects are sometimes impervious to these chemicals, and crevices through-
out the inflorescences may provide protection for these insects if the decontaminant 
solutions do not reach deep enough.

20.2  Establishment of Methods for Production 
of Regenerable Callus from Mature Seeds

20.2.1  Methods to Break Dormancy

Based on the advantages of mature seed for production of regenerable callus, we 
chose to follow published reports on S. italica although we made several modifica-
tions in order to recover a good quality, highly regenerable callus (Fig. 20.1). 
Although there are advantages to using mature seeds, we found there were problems 
with seed dormancy for the S. viridis A10.1 germplasm if the seeds were younger 
than 3 months old. We found that the most effective method to break seed dormancy 
was mechanical removal of the seed coats, which did not damage the embryos and 
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resulted in approximately 100 % germination (Van Eck and Swartwood 2015). 
Other methods that have been found to be effective are treatment with liquid smoke 
(Sebastian et al. 2014) and storage of seeds in moist sphagnum moss at 4 °C for 3–6 
weeks (H. Jiang, personal communication).

20.2.2  Callus Induction

We found the most efficient approach to generate a highly regenerable callus was a 
two-step method, firstly culturing mature seeds on a callus induction medium (CIM) 
and then transferring the resultant callus to plant regeneration medium (PRM). 
Before culturing the seeds, the seed coats were removed according to Van Eck and 
Swartwood (2015) then disinfected for 3 min in a solution of sterile deionized water, 
10 % (v/v) bleach and 0.1 % (v/v) Tween 20 followed by three rinses with sterile 

Fig. 20.1 Plant regeneration from Setaria viridis A10.1 mature seed-derived callus. (a) 
Regenerable callus derived from mature seeds without seed coats that were cultured on callus 
induction medium. (b) Production of shoots from callus that was cultured on plant regeneration 
medium. (c) Rooted plant recovered - a shoot removed from callus on regeneration medium was 
transferred to rooting medium
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water. The CIM was a Murashige and Skoog (MS)-based medium (Murashige and 
Skoog 1962) that contained the growth regulators kinetin (0.5 mg/L) and 
2,4- dichorophenoxyacetic acid (2 mg/L) (Van Eck and Swartwood 2015). In order 
to recover a high quality, regenerable callus, we found it was critical to incorporate 
a gellan gum such as Gelzan (4 g/L) or Phytagel (4 g/L) to solidify the medium 
because when agar was used the majority of the callus produced was brown, gelati-
nous, and non-regenerable.

20.2.3  Physical and Environmental Parameters

In addition to the effects of medium composition on callus development, we also 
identified several physical and environmental conditions during the culture pro-
cess that affected the development of callus from the mature seeds. We found 
that placing the seeds on CIM with the embryos facing upwards had a positive 
effect on callus development when compared with placing the embryos down in 
contact with the medium. It was also important to limit the number of seeds 
cultured on CIM to 15 per Petri plate (100 mm × 20 mm) because we saw a 
reduction in the amount of callus produced as the number of seeds per plate was 
increased to 25.

We found that maintenance at 24 °C resulted in the highest callus quality, which 
is unlike some monocots such as rice where maintenance at 28 °C is common. When 
we compared light versus dark conditions at 24 °C, we observed a negative effect of 
light on the quality of the callus. Also important for recovery of a high quality callus 
was a lack of condensation in the Petri plates for both callus initiation and 
maintenance.

20.3  Plant Regeneration

We determined that an MS-based medium designated PRM containing kinetin 
(0.5 mg/L) and Phytoblend (7 g/L) as the gelling agent resulted in multiple shoots 
per callus from 100 % of the seed-derived calli (Fig. 20.1). Originally, we used 
either Gelzan or Phytagel to solidify the regeneration medium because this was part 
of the CIM, but occasionally we observed hyperhydricity or water-soaked appear-
ance (Kevers et al. 2004) of the regenerated plants.

However, when we substituted Phytablend this hyperhydricity was eliminated. 
There have been other reports of the occurrence of hyperhydricity depending on the 
plant species and gelling agent used to solidify medium (Ivanova and Van Staden 
2011). When callus was transferred to PRM, the cultures were moved to light condi-
tions (16-h photoperiod, 57–65 μE m−2 s−1) and we continued to maintain the 
cultures at 24 °C.
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20.4  Rooting Regenerated Shoots In Vitro

Regenerated shoots were transferred to a medium designated RM (regeneration 
medium) that contained half-strength MS salts, full-strength MS vitamins, and 
Phytoblend (7 g/L) (Van Eck and Swartwood 2015). Both Magenta™ GA7 contain-
ers and test tubes worked well as culture vessels for the rooting stage. Shoots rooted 
within a week of transfer to rooting medium and were maintained under light condi-
tions (16-h photoperiod, 57–65 μE m−2 s−1) at 24 °C (Fig. 20.1).

20.5  Transfer of In Vitro Plants to Soil

When the in vitro plants were well rooted, they were transferred to a commercially 
available soil mix and then moved into a growth chamber. The culture medium was 
carefully washed from the roots with tepid water before transfer to moistened 
Metro Mix 360 Plus (Hummert International, Earth City, MO) in 10.2 cm2 horti-
cultural plant containers (smaller size containers can also be used). Each plant was 
covered with a transparent, plastic, reused beverage bottle that had the bottom 
removed (Fig. 20.2). After 1–2 days the caps were removed from the bottles and 
the bottles were removed 2–3 days later. This format was followed to provide a 
gradual acclimation from in vitro to in vivo conditions. The plants were 

Fig. 20.2 Regenerated plants of Setaria viridis A10.1 after transfer from in vitro culture condi-
tions to a growth chamber. Plants were transferred to a soil mix and covered with reused beverage 
bottles for a gradual acclimation to growth chamber conditions. The bottle caps were removed 
after 1–2 days and the bottles were removed 2–3 days later
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maintained in a growth chamber at 23 °C with a 16-h photoperiod at 210 μE m−2 s−1. 
Plants began to flower 1–3 weeks after transfer to the soil mix, with seeds ready to 
harvest approximately 5 weeks later.

20.6  Gene Transfer Method Development

20.6.1  Agrobacterium tumefaciens Strain and Vectors

After we developed highly efficient and repeatable plant regeneration methods, 
we began investigating Agrobacterium tumefaciens-mediated transformation 
(Brutnell et al. 2010; Van Eck and Swartwood 2015). To develop the methods, 
we used the A. tumefaciens strain AGL1 that contained either one of two binary 
vectors. The first vector we used was pOL001 (Vogel and Hill 2008) that con-
tains both the hygromycin phosphotransferase (hpt) plant selectable marker 
gene and the beta- glucuronidase (GUS) (Jefferson et al. 1987) reporter gene. 
The other binary vector used was pWBVec8, which is the parent vector of 
pOL001 and contains the hpt gene alone (Wang et al. 1998). The hpt gene con-
fers resistance to the antibiotic hygromycin, therefore, to select for transgenic 
events hygromycin was incorporated into CIM, PRM, and RM. After testing the 
efficacy for selection of various hygromycin concentrations in each medium, we 
found the following concentrations to be optimum: CIM 40 mg/L; PRM 
15 mg/L; RM 20 mg/L.

Beyond method development, we investigated transformation with other 
vectors and constructs that contained genes of interest. We found the backbone 
of the vector to be an important consideration for successful S. viridis transfor-
mation. Additional vectors besides pOL001 and pWBVec8 that worked well 
were the pMDC and pANIC series, which includes vectors for both overex-
pression and knockdown of expression (Curtis and Grossniklaus 2003; Mann 
et al. 2012).

Three to four days prior to infection, AGL1 containing a construct of interest 
was streaked from glycerol stocks onto plates of MG/L medium (Per liter: 5 g 
tryptone, 2.5 g yeast extract, 5 g NaCl, 5 g mannitol, 0.1 g MgSO4, 0.25 g 
K2HPO4, 1.2 g glutamic acid, 15 g sucrose, pH to 7.2, 15 g Bacto Agar) contain-
ing the appropriate antibiotics. The plates were maintained at 28 °C for 48 h or 
until colonies appeared. Colonies were used to inoculate a liquid culture of LB 
medium (Per liter: 10 g tryptone, 5 g yeast extract, 10 g NaCl) containing the 
appropriate antibiotics and grown to an OD600 of 0.6 in a shaking incubator 
(28 °C, 125 rpm). The culture was placed in a centrifuge at 8000 rpm for 10 min 
and the resultant pellet was resuspended in liquid CIM containing 33 μg/mL 
acetosyringone and 1 mg/mL Synperonic PE/F68 (Sigma-Aldrich Co., St. 
Louis, MO).
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20.6.2  Infection and Cocultivation of Seed-Derived Callus 
with Agrobacterium

One week prior to infection with Agrobacterium, 6–7-week-old callus was divided 
into 2–3 mm pieces and placed onto freshly prepared CIM. For infection, 50 calli 
were transferred to a 15 mL centrifuge tube, the prepared infection solution (see 
Sect. 20.6.1) was added, and then allowed to incubate at room temperature for 5 min.

Cocultivation occurred in plates of CIM that had 7 cm filter paper placed on the 
surface of the medium. The cultures were maintained in the dark at 22 °C for 3 days. 
We investigated longer cocultivation periods, but they did not result in a significant 
increase in the recovery of transgenic lines. Following the cocultivation period, the 
calli were transferred to CIM Selective (CIMS) medium that contained 40 mg/L 
hygromycin and were maintained in the dark at 24 °C.

20.6.3  Recovery of Putative Transgenic Shoots and Rooting

For recovery of putative transgenic shoots, we investigated various times of mainte-
nance on CIMS and found that 16 days were optimum before transfer to PRM 
Selective (PRMS) containing 15 mg/L hygromycin. When calli were transferred to 
PRMS, they were moved to light conditions as described in Sect. 20.3. Once shoots 
developed and were 0.8 cm tall they were removed from the callus and transferred 
to selective RM medium (RMS) containing 20 mg/L hygromycin. Only one shoot 
was selected from each infected callus to ensure that we were selecting truly inde-
pendent transgenic lines and not sister clones that may have arisen from the infec-
tion of the same cell. Rooted shoots were analyzed by PCR for the transgene before 
moving forward for additional analysis. These primary transgenics are designated 
T0 and subsequent generations from self-pollinations of S. viridis are referred to as 
T1, T2, etc. The time required from infection of calli to recovery of T1 seeds is 
approximately 4 months.

To determine the transformation efficiency, we divided the number of PCR posi-
tive transgenic lines by the number of infected calli. The transformation efficiency 
ranged from 0.3 to 15 % depending upon the vector backbone and the gene of inter-
est that was either overexpressed or had expression knocked down via RNA inter-
ference (RNAi) constructs.

20.7  Molecular Analyses of Setaria viridis Transgenic Lines

For molecular evaluation of S. viridis transgenic lines, we chose to utilize three dif-
ferent methods of analysis depending upon the level of characterization necessary. 
PCR was done as a first level of analysis on rooted in vitro plants to verify that 

J. Van Eck et al.



351

putative transgenics did indeed contain the introduced transgene. PCR positive 
plants were moved forward for further assessment. To determine that PCR positive 
plants recovered from the same Agrobacterium-infected callus were indeed inde-
pendent transgenic lines, we used Southern blot analysis to survey differences in 
integration patterns of the transgene. Results from Southern blot analysis were also 
used to evaluate copy number of the introduced transgene, however in addition, we 
developed an alternative method for copy number determination of S. viridis trans-
genic lines based on a quantitative real-time PCR assay called TaqMan®.

20.7.1  PCR Analysis

DNA was isolated from leaves of in vitro rooted plants and used for PCR reactions 
according to the Extract-N-Amp™ plant PCR kit (Sigma-Aldrich). We used a duplex 
set of PCR primers for each sample tested. One primer set was designed to detect the 
hpt selectable marker gene. The forward primer sequence was 5′-AGG CTC TCG 
ATG AGC TGA TGC TTT-3′ and the reverse primer sequence was 5′-AGC TGC ATC 
ATC GAA ATT GCC GTC-3′, which resulted in a product size of 335 bp. Along with 
the hpt primer set, we also included a primer set specific for S. viridis DNA as an inter-
nal control to make certain the DNA was of a quality and quantity to result in PCR 
product. Therefore, if we observed a product with the Setaria-specific primers, but did 
not observe a product with the hpt primers, we had confidence that a putative trans-
genic line was actually negative for the introduced transgene, and it was not a problem 
with the DNA preparation. The forward primer sequence for the S. viridis-specific 
primers was 5′-CAG CAA GCC GCC TAT ATG GAG-3′, and the reverse sequence 
was 5′-TCG TCT CAG GAG TGG CCA AGT C-3′ with a product size of 540 bp.

20.7.2  Southern Blot and TaqMan® Analysis

Determining the copy number of an introduced transgene is important because 
high-copy number has been shown to affect expression not only of the introduced 
gene but also endogenous genes (Hobbs et al. 1993; Stam et al. 1997). It is also 
essential for government regulatory approval because release of low-copy number 
events is a critical consideration. The goal of our work was to recover transgenic 
lines with three copies or less of the introduced transgene.

We followed a CTAB method for DNA isolation and found that it was necessary 
to use very young leaves because isolation from older leaves resulted in prepara-
tions that had a high concentration of polysaccharides. These polysaccharides 
caused difficulty in quantification of the DNA and inhibition of restriction enzyme 
digest for Southern analysis. For T0 plants, we waited at least 1 week after the 
plants were transferred from in vitro conditions to a soil mix before harvesting 
leaves. For T1 plants, we harvested leaves from 10- to 12-day-old plants.
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The DNA extraction buffer contained 100 mM Tris-Cl (pH 8.0), 20 mM EDTA 
(pH 8.0), 1.4 M NaCl, 2 % (w/v) CTAB, and 1 % (w/v) PVP 40,000 (polyvinyl 
pyrolidone). The solvent for phase separation contained Phenol/Chloroform/
Isoamyl Alcohol (25:24:1 Mixture, pH 6.7/8.0) (Thermo Fisher Scientific, 
Waltham, MA) and was supplemented with additional Tris-Cl buffer to achieve 
pH 8.0. The resultant DNA was dissolved in 50 μL 10 mM Tris buffer, pH 8.5, and 
stored at −20 °C for short-term storage and −80 °C for long-term storage (3 or 
more months).

For Southern blot analysis, we used a nonradioactive chemiluminescence method 
which has been successfully used on plant DNA (McCabe et al. 1997) that relies on 
the use of a digoxigenin (DIG) label to detect nucleic acid (dUTP) that is incorpo-
rated into the hybridization probe (McCreery 1997). Compared to the radioactive 
detection method, the DIG method has several advantages: it is safer due to the lack 
of handling radioactive materials, labeled probes can be stored up to 1 year, space 
does not need to be allocated for a restricted area for the work, there is no hazardous 
waste disposal, and the DIG method requires shorter exposure times.

We used 8 μg of total DNA per digest for the Southern blot analysis of each 
transgenic line. A variety of restriction enzymes with 6 bp recognition sites were 
successfully used in combination with probes for the hpt, GUS, the green fluores-
cent protein (GFP) reporter gene, and GUS linker sequence. Figure 20.3 contains an 
image of a Southern blot of HindIII-digested S. viridis DNA, hybridized with a 
DIG-labeled hpt probe. Copy number for each transgenic line can be determined 
based on the number of bands visible in each lane. All of these transgenic lines 
resulted from transformations with constructs designed with the same vector backbone. 

Fig. 20.3 Southern blot results from the T0 generation of transgenic S. viridis. 8–10 μg of DNA was 
digested with HindIII and probed with approximately 500 bp of DIG-labeled hpt sequence. Lanes 
1–11 represent T0 lines with different copy numbers of the introduced transgene. Lane 12 is wild-
type accession A10.1. Lanes 1, 4, 5, 9, and 11 show single-copy events. Lanes 4 and 5 show clonal 
events evident from similar banding patterns in two individuals regenerated from the same callus
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The introduced transgene ranged from 1 to 5 copies with the majority of the lines 
containing 1 or 2 copies. As indicated earlier, Southern blot analysis can also be 
used to verify that transgenic lines are indeed independent events based on the band-
ing pattern, which indicates integration of the transgene. Lanes 4 and 5 contain 
DNA from two lines that were recovered from the same callus and because the 
banding pattern is similar it can be concluded that these lines are not independent 
transformation events but arose from a single infected cell.

The TaqMan® method for copy number determination is a quantitative PCR 
approach that requires a real-time PCR machine (Bubner and Baldwin 2004; Ingham 
et al. 2001). This method is less labor and time intensive than Southern blot analy-
sis. Two advantages of the TaqMan® assay for determining copy number in S. viridis 
transgenic lines are that only 50 ng of genomic DNA are needed per reaction com-
pared with 8 μg for Southerns, and the TaqMan® assay takes only 2 h to produce 
results as compared with 1 week for Southerns. However, if you do not have access 
to a real-time PCR machine, Southerns are a good alternative for determining copy 
number, as the quality of the results are similar.

The TaqMan® analysis was performed in a duplex PCR including primers and 
probes for both the hpt selectable marker gene and an internal reference. The internal 
reference was the S. viridis phosphoenolpyruvate carboxykinase (pck) gene reported 
to be single copy in the genome (Xu et al. 2013). In addition, TaqMan® probes were 
each labeled with a 5′ fluorophore and a 3′ quencher for selective detection and 
quantification of specific target amplicons. The following are sequences with labels 
we designed for hpt and pck (Life Technologies, Grand Island, NY):

Hpt F3 5′-ATACGAGGTCGCCAACATCT

Hpt R3 5′-CGTCTGCTGCTCCATACAAG

Hpt Probe3 5′-CCAACCACGGCCTCCAGAAGA 5′FAM™ 3′QSY®

SvPCK F3 5′-ACTGTGGACGGCATAAAGG

SvPCK R3 5′-CGTACTTGGTCGGATGGAG 5′VIC® 3′TAMARA™

SvPCK Probe3 5′-ACGTTCTCGGCCTGCTTCGG

Overall, copy number assessment by both TaqMan® and Southern analyses 
showed that the average number of single-copy transgenic lines recovered from 
transformation experiments with different vector backbones was 42 %.

Once we identified low-copy number T0 transgenic lines, they were advanced 
to the T1 generation. At this stage, we wanted to determine zygosity of the trans-
gene because of the necessity to work with homozygous populations to character-
ize gene function. Established methods to determine zygosity rely on the 
identification of non-segregating T2 populations by either germination of T2 seed 
on selective medium or a genotyping PCR on the T2. As an alternative, we used 
the TaqMan® analysis to determine zygosity of single-copy and linked multiple-
copy lines in the T1 generation (German et al. 2003). To verify the TaqMan® 
analysis of zygosity, we compared the TaqMan® analysis of five independent 
events in the T1 generation with a genotyping PCR for segregation in the 
corresponding T2 generation.
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With the TaqMan® analysis, we were able to identify homozygous lines 100 % of 
the time. We found the TaqMan® method to be less labor and time intensive com-
pared with established methods to determine zygosity. The ability to streamline the 
identification of homozygous lines early in the T1 generation is key for advancing 
material for downstream studies.

20.8  Summary

Adoption of S. viridis as a model has grown worldwide since the first report that 
described its advantages as a model system for studies of the cellular and molecular 
mechanisms of C4 photosynthesis (Brutnell et al. 2010). As is evident in the reports 
throughout this book, the development of resources for S. viridis has also increased 
in parallel with the interest in this new monocot model. Information gathered from 
investigations that utilize S. viridis will contribute to a better understanding of the 
biology and biochemical components of C4 photosynthesis and characteristics of 
interest for development of biofuels crops. What is learned from the studies of the 
genetic regulation of C4 photosynthesis has the potential through genetic engineer-
ing to increase yield and confer durability to withstand extreme abiotic stresses 
in important C3 photosynthesis species such as rice and wheat. Development of 
S. viridis transformation methodology will continue with a focus on making the 
process as high-throughput as possible, which in turn will decrease the time and 
associated costs of labor and supplies to identify genes of interest and their function 
in metabolic networks.
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Chapter 21
Spike-Dip Transformation Method  
of Setaria viridis

Prasenjit Saha and Eduardo Blumwald

Abstract Conventional Agrobacterium-mediated transformation of monocots 
involves labor-intensive and time-consuming in vitro tissue culture methodology to 
regenerate T0 plants. To overcome these difficulties, a simple in planta 
Agrobacterium-mediated genetic transformation method for the emerging monocot 
model Setaria viridis was developed. Initial standardization of transient and stable 
transformations was performed using A. tumefaciens strain AGL1 harboring the 
β-glucuronidase (GUS) reporter gene driven by the cauliflower mosaic virus 35S 
(CaMV35S) promoter to transform preanthesis developing spikes. The method was 
further optimized by using A. tumefaciens strain EHA105 carrying β-glucuronidase 
plus (GUSplus), green fluorescent protein (GFP), and Discosoma sp. red fluores-
cent protein (DsRed) reporter genes driven by either CaMV35S or an intron- 
interrupted maize ubiquitin (Ubi) promoters to develop stable transgenic lines from 
S. viridis. Dipping of 5-day-old S3 spikes into Agrobacterium cultures containing S. 
viridis spike-dip medium supplemented with 0.025 % Silwet L-77 and 200 μM ace-
tosyringone for 20 min produced stable transformants at the rate of 0.8 ± 0.1 %. 
Transgenic lines showed stable integration of transgenes into the genome, and 
inherited transgenes followed the Mendelian segregation pattern and were expressed 
in subsequent generations. This spike-dip method will facilitate high-throughput 
translational research in a monocot model.
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21.1  Introduction

Monocot C4 cereal grain and grasses belonging to the Panicoideae subfamily such as 
Zea mays, Sorghum bicolor, Saccharum officinarum, Pennisetum glaucum, Panicum 
virgatum, etc., which represent major sources of global food and feedstock, are gain-
ing increased research interest because of the rising demand of food and fuel security 
(Sage and Zhu 2011). Setaria viridis with its small size, simple growth requirements, 
short life cycle, and small genome not only provides a model for C4 photosynthetic 
research (Brutnell et al. 2010), but is also ideal for functional genomics studies to 
investigate abiotic stress tolerance in Panicoideae crops (Saha et al. 2016).

Although a traditional method of Agrobacterium-mediated transformation, 
through the involvement of tissue culture for S. viridis, has been reported (Brutnell 
et al. 2010; Eck and Swartwood 2015; Martins et al. 2015b) (Chap. 20), the devel-
opment of an alternative transformation procedure for this model plant that elimi-
nates the tissue culture and regeneration phases would enable significant progress in 
testing gene functions.

Traditional method of Agrobacterium-mediated transformation of S. viridis, an 
emerging monocot model, involves labor-intensive and time-consuming in vitro tis-
sue cultures where transformed undifferentiated callus tissue becomes organogenic 
to regenerate whole T0 plants (Brutnell et al. 2010; Eck and Swartwood 2015) (Chap. 
20). The amenability of in vitro cultured tissues to Agrobacterium-mediated transfor-
mation is often genotype dependent, and frequently produce somaclonal variations or 
genetic chimeras with morphological abnormalities and reduced fertility, including 
significant epigenetic alterations (Wang and Wang 2012). Clough and Bent (1998) 
developed an alternative method for Agrobacterium-mediated transformation of 
Arabidopsis thaliana, a dicot model species, using an in planta floral-dip that obvi-
ates the in vitro tissue culture phase. Subsequently, a similar Agrobacterium- mediated 
floral transformation approach was developed for Camelina sativa (Liu et al. 2012), 
Linum usitatissimum (Bastaki and Cullis 2014), Raphanus sativus (Curtis and Nam 
2001), Solanum lycopersicum (Yasmeen et al. 2009), and the model legume Medicago 
truncatula (Trieu et al. 2000). An in planta floral-dip method was reported for Zea 
mays (Mu et al. 2012), a major monocot food crop with a large genome belonging to 
the Panicoideae (Schnable et al. 2009), a close relative of S. viridis. Unfortunately, 
such in planta floral-dip method is not available for S. viridis with a relatively small 
true diploid genome (~510 Mb) (Bennetzen et al. 2012). Recently, the feasibility of 
the floral-dip transformation of S. viridis was suggested (Martins et al. 2015a), but 
the method was not optimized, the transformation efficiency was not determined, and 
reproducibility of the method was not established.

An optimized alternative method for the Agrobacterium-mediated transforma-
tion of S. viridis using a spike-dip that avoids the traditional in vitro culture steps 
has been developed (Saha and Blumwald 2016). This method produced fertile trans-
genic T1 plants within 8–10 weeks and the Mendelian pattern of inherited  transgenes 
expressed over generations. The protocol provides an in planta monocot transfor-
mation system and will be widely applicable for functional genomics studies.
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21.2  S. viridis Genotypes and Growth Conditions  
for Spike- Dip Transformation

Five S. viridis genotypes, which included three tolerant [A10.1 (PI 669942/Ames 
31045), 132 (PI Ames 28193), and 98HT-80 (PI 649320)] and two sensitive to water-
deficit and high-temperature stresses [Dekker 1851 (PI 223677) and PI 408811 (UI 
4833)] (Saha et al. 2016), were taken under investigation for spike-dip transforma-
tion (Table 21.1). Spike-dip transformation of three tolerant genotypes has been 
reported recently (Saha and Blumwald 2016), while transformation of two sensitive 
genotypes is under progress. Seeds of these genotypes were obtained from the 
Germplasm Resources Information Network (GRIN, http://www.ars-grin.gov/), 
United States Department of Agriculture (USDA) and germinated in trays 
(27.9 cm × 54.3 cm) (McConkey, Sumner, WA) containing moist agronomy mix 
(equal parts of redwood compost, sand, and peat moss). Trays were kept in an Isotemp 
incubator (Fisher Scientific, Pittsburgh, PA) to vernalize at 4 °C for 2 days and then 
moved at 28° ± 2 °C with 50 % relative humidity for 16 h day/8 h night photoperiod 
in the greenhouse. After 7 days postgermination (DPG), seedlings were transferred to 
pots (10.2 cm × 8.2 cm) (McConkey) containing moist agronomy mix and allowed to 
grow under greenhouse conditions until spike development (Fig. 21.1a). During this 

Table 21.1 Development and progress of spike-dip transformation using Agrobacterium 
tumefaciens strain EHA105 harboring the 35S::GUS (pCAMBIA1201) reporter gene and genes 
conferring tolerance to water-deficit and high-temperature

Accession Genotype
Origin 
(country/area)

Transformation 
efficiency ± SD

Phenotype 
under stressa References

Ames 
28193

132 Kazakhstan 0.7 ± 0.0 Tolerant Saha et al. 
(2016) and 
Saha and 
Blumwald 
(2016)

PI 669942/
Ames 
31045

A10.1 United States 0.7 ± 0.2 Tolerant Saha et al. 
(2016) and 
Saha and 
Blumwald 
(2016)

PI 649320 98HT-80 Mongolia 0.8 ± 0.1 Tolerant Saha et al. 
(2016) and 
Saha and 
Blumwald 
(2016)

PI 223677 Dekker1851 Azerbaijan ND Sensitive Saha et al. 
(2016)

PI 408811 UI4833 China ND Sensitive Saha et al. 
(2016)

aPhenotype of wild-type plants under water-deficit and high temperature stress conditions; SD 
standard deviation, ND not determined (transformation in progress)
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time plants were watered every alternate day with deionized water and fertilized 
using a solution of 50 % N: phosphorus: potassium (20:10:20) and 50 % ammonium 
sulfate (total of 0.5 g of N) once in a week until maturity.

Fig. 21.1 Step of Spike-dip transformation method of Setaria viridis A10.1. (a) A S. viridis plant 
with primary tiller bearing single inflorescence with an enlarged view of a spike at S3 stage prior 
to spike-dip transformation. (b) Schematic representation of linearized maps of the T-DNA cas-
settes of plant transformation vectors. Reporter [β-glucuronidase (GUS), β-glucuronidase plus 
(GUSplus), green fluorescent protein (GFP) and Discosoma sp. red fluorescent protein (DsRed) 
reporters)], and hygromycin phosphotransferase (HptII), bialaphos (Bar) selectable marker genes 
are driven by CaMV35S (35S) and maize ubiquitin (Ubi) promoters and terminated by CaMV35S 
or nopaline synthase (NOS) terminators. The position of gene-specific PCR primers, location of 
HindIII restriction enzyme within the multiple cloning site (MCS) or T-DNA cassette and the 
probe for Southern blot analysis are represented. (c) Top view of S. viridis plants during Spike-dip 
transformation. (d) Plants in arecones after 5 days of posttransformation inside growth room/
chamber. (e) Histochemical GUS staining of portion of spike transformed with 35S::GUS (pCAM-
BIA1201) reporter gene construct after 3 days postdip. (f) Transient expression of DsRed reporter 
gene from spike transformed with Ubi::DsRed (pGWB17-UbiDsRED-UbiBAR) after 5 days post-
dip. (g) Histochemical GUS staining of mature T1seeds transformed with 35S::GUS (pCAM-
BIA1201) reporter gene. (h) Expression of GFP reporter gene in mature T1 seeds transformed 
with 35S::GFP (pH7m24GW35Sp-GFP) construct (T transformed, UT untransformed). (i) 
Histochemical assay for GUSplus reporter gene activity in 3 days post germinated seedling trans-
formed with Ubi::GUSplus (pH7m24GW pUbi-GUSplus) construct. (j) Selection of putative 
transformants at the T1 plant generation on plates containing half MS + hygromycin (30 mg/L)

P. Saha and E. Blumwald
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21.3  Suitable Spike Developmental Stage for Agrobacterium- 
Mediated Spike-Dip Transformation

The developmental stage of the flowers was shown to be crucial for successful floral 
transformation (Clough and Bent 1998; Desfeux et al. 2000; Trieu et al. 2000; Zale 
et al. 2009). High rates of transformation in Arabidopsis occurred when the plants 
had a maximum number of unopened floral bud clusters, and that the dipping of flow-
ers later than 4 days before anthesis did not produce transformants (Clough and Bent 
1998). The development of S. viridis accession A10.1 spikes from early preanthesis 
to late postanthesis can be categorized into seven stages (S1 to S7) based on the first 
visualization of their emergence among leaf sheath, auricle, and flag leaf (Saha and 
Blumwald 2016). The early S2 stage is suitable for transient transformation while S3 
spikes of approximately 5.5 cm long during 6–8 days before anthesis are most ame-
nable to Agrobacterium transformation (Fig. 21.1a). With the progression of spike 
development toward anthesis (S4 to S6), the transformation rates decreased gradu-
ally (Saha and Blumwald 2016). The preanthesis spikes of 6–7 cm long at its early or 
mid-uninucleate microspore stage which did not emerge from the sheath before 4–7 
days of anthesis are the most susceptible target tissues amenable to Agrobacterium in 
wheat (Zale et al. 2009). High histochemical GUS staining at the bottom of each 
floret where the ovary is located indicated that the ovule is the probable target tissue 
amenable to T-DNA transfer upon Agrobacterium infection. Bechtold and Pelletier 
(1998), Desfeux et al. (2000), and (Ye et al. 1999) showed that the Arabidopsis ovule 
is the likely target for T-DNA transfer. Multiple Agrobacterium inoculations by three 
consecutive dipping of the same spikes caused bleaching of plant tissues with no seed 
setting as most spikes died (Saha and Blumwald 2016).

21.4  Appropriate Medium for Optimum Spike-Dip 
Transformation

The nutrient-rich S. viridis Spike Dip (SvSD) medium containing 10.5 g/L K2HPO4, 
4.5 g/L KH2PO4, 1 g/L (NH4)2SO4, 0.5 g/L NaCitrate, 4 g/L glycerol, 1 mM MgSO4, 
15 g/L abscorbic acid, 10 mM MES; pH to 5.8 (Lee and Yang 2006), with modification 
of sugar constituents to glucose (36 g/L) and sucrose (68.5 g/L) produced two to four-
fold higher transformation rates when tested using A. tumefaciens strain AGL1 carrying 
35S::GUS reporter gene construct compared to other dipping media such as S. viridis 
Infiltration (SvI) medium containing 50 mM MES, 2 mM Na3PO4, 12H2O, 0.025 % 
(w/v) glucose; pH 5.8 (Brutnell et al. 2010); Murashige and Skoog (MS) full strength 
basal medium; pH 5.8 (Murashige and Skoog 1962); Sucrose (5 % w/v) (Bent 2006); 
and MS full strength basal medium fortified with 5 % (w/v) sucrose; pH 5.8 (Clough 
and Bent 1998). The combination of glucose and sucrose was also found to be effective 
for high transformation rates in conventional transformation methods of rice (Mohanty 
et al. 1999; Saha et al. 2006b). Glycerol and sucrose were found to be critical components 
of the SvSD medium and elimination of either component from the SvSD medium 
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resulted in no transformation events. The pH of the medium was adjusted to 5.8 and the 
surfactant Silwet L-77 (0.025 %) was used. The simple SvI and MS media were not 
suitable for efficient transformation rates (Saha and Blumwald 2016). Clough and Bent 
(1998) and Bent (2006) reported that 5 % sucrose was suitable for successful transfor-
mation of Arabidopsis using floral dip. However, no significant difference in the trans-
formation rates was found when only 5 % Sucrose or MS + Sucrose (pH 5.8) were used 
in the inoculation medium separately, suggesting that pH adjustments may not be a 
critical factor for successful spike-dip transformation of S. viridis (Saha and Blumwald 
2016). Supporting this observation, Clough and Bent (1998) also demonstrated that pH 
adjustments were unnecessary for successful transformation of Arabidopsis using floral 
dip. The highest efficiency of stable transformations was attained at 20 min of dipping 
in the presence of 0.025 % Silwet L-77 (Saha and Blumwald 2016) (Fig. 21.2).

21.5  Applicable Binary Vector and Agrobacterium Strain 
for Spike-Dip Transformation

Five reporter genes, three [β-glucuronidase (GUS) and β-glucuronidase plus 
(GUSplus)] for histochemical GUS assay and two [Aequoria victoria green fluo-
rescent protein (GFP) and Discosoma sp. red fluorescent protein (DsRed)] for 

Fig. 21.2 Flow chart for timeline of S. viridis spike-dip transformation procedure. SvSD, S. viridis 
spike dip

P. Saha and E. Blumwald



363

fluorescent expression assay, were used for transient as well as stable transformations 
(Fig. 21.1b). The GUS reporter gene from Escherichia coli of pCAMBIA1201 
vector includes an intron from the castor bean catalase gene within the coding 
sequence driven by cauliflower mosaic virus 35S (CaMV35S) promoter, ensuring 
that the constitutive expression of GUS activity was derived from plant cells and 
not from expression by residual A. tumefaciens cells. The pH7m24GWp35S-
GUSplus and pH7m24GWpUbi-GUSplus vectors containing the GUSPlus gene 
were originally isolated from a Staphylococcus species under the control of either 
the CaMV35S or an intron-interrupted maize ubiquitin (Ubi) promoter, respec-
tively. Chen et al. (2010) demonstrated that the GUSplus reporter gene was useful 
for high-throughput transient gene expression in Panicum virgatum and is more 
stable at higher temperatures and in fixatives than the GUS gene. The GFP and the 
DsRed reporter genes were under the control of CaMV35S and Ubi promoters in 
pH7m24GW35Sp-GFP and pGWB17-UbiDsRED-UbiBAR binary vectors, 
respectively. These vectors were reported to be suitable for Agrobacterium trans-
formations (Jach et al. 2001; Sheen et al. 1995). The Ubi promoter was found to be 
useful for expression of transgenes in the spike-dip transformation of S. viridis 
(Saha and Blumwald 2016). The maize Ubi promoter has been extensively 
employed for the enhanced constitutive expression of target genes in monocot 
cereals (Toki et al. 1992; Hiei et al. 2014). The choice and the selection of antibi-
otic concentration are also important considerations when using this protocol. 
Hygromycin phosphotransferaseII (HptII) and bialaphos (Bar) are plant selection 
marker genes that confer resistance to hygromycin B and phosphinothricin (PPT) 
(the active ingredient in the broad-spectrum herbicide basta), respectively. These 
selection genes provide relatively low escapes and were found to be suitable for 
transformed plant selection in this protocol. Hygromycin B (30 mg/L) and basta 
(3 mg/L) concentrations were critical and should not be as high as to be lethal to 
low copy number T-DNA transformants (Wilmink and Dons 1993).

Agrobacterium strains differ in their virulence to infect target plant species. Out 
of four Agrobacterium tumefaciens strains used, EHA105 (Hood et al. 1993) and 
AGL1 (Lazo et al. 1991) showed a superior transformation rate, while GV3101 
(Koncz and Schell 1986) and LBA4404 (Hoekema et al. 1983) were unable to trans-
form plants at high efficiency (Saha and Blumwald 2016). Both AGL1 (Lazo et al. 
1991) and EHA105 (Hood et al. 1993) contain succinamopine type Ti plasmid with 
C58 origin (Hamilton and Fall 1971) and were shown previously to be suitable for 
monocot transformation (Chen et al. 2010; Wu et al. 2008; Saha et al. 2006b; Zale 
et al. 2009; Eck and Swartwood 2015). The effect of the Agrobacterium growth 
phase on stable transformation using the strain EHA105 demonstrated low transfor-
mation efficiency at the lag phase (OD600 = 0.2). However, higher transformation 
rates were seen at the late log phase (OD600 = 1.0) and significant lower rates were 
obtained at the stationary phase (OD600 = 1.5). Although, Agrobacterium at early or 
late log phases were equally effective for transient transformation, the late log phase 
was more efficient than the early log phase for stable transformation of S. viridis 
(Saha and Blumwald 2016). Agrobacterium at the stationary phase induced severe 
spike yellowing, wilting, and bleaching.
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21.6  Agrobacterium-Mediated Spike-Dip Transformation 
Method of S. viridis

A single colony of A. tumefaciens strain harboring the binary vector was cultured 
overnight in 5 mL liquid YEB medium (Vervliet et al. 1975) one day before dipping, 
containing appropriate antibiotics, at 28 °C with an agitation of 250 rpm. The follow-
ing day, 500 μL of this starter culture was added to 50 mL of culture medium contain-
ing 5 g/L tryptone, 2.5 g/L yeast extract, 5 g/L NaCl, 5 g/L mannitol, 100 mg/L, 
MgSO4, 250 mg/L K2HPO4, 1.2 g/L glutamic acid, 15 g/L sucrose, pH 7.2 and antibi-
otics, and the bacteria was grown for 16 h at the same conditions as mentioned earlier. 
The next day, Agrobacterium culture density was adjusted to OD600 = 1.0 by resus-
pending in 40 mL SvSD medium supplemented with 200 μM acetosyringone 
(PhytoTechnology Laboratories, Overland Park, KS) in a 50 mL falcon tube and pre-
induced by shaking at 180 rpm for 1 h. Prior to spike-dip, plants with single primary 
tiller bearing a spike at S3 were identified and the remaining secondary spikes were 
clipped off (Fig. 21.1a). The tillers were labeled for appropriate constructs to trans-
form and the spikes were gently unsheathed (Fig. 21.1a, b). The spikes were immersed 
into the Agrobacterium culture for 20 min with occasional gentle agitation at 5 min 
intervals (Fig. 21.1c), before placing them under a plastic dome to retain humidity for 
24 h, either in a growth chamber or in a culture room under the low light intensity. 
Next day, plants were returned at 25 °C for 16 h day/8 h night photoperiod with 50 % 
relative humidity in the growth chamber or in the growth room where they grew for 
5–7 days. Plants were placed inside the arecones (arabase and aratubes, Lehle Seeds) 
(Fig. 21.1d) and transient transformation assays were performed during this time on 3 
or 5 days postdipped (DPD) spikes (Fig. 21.1e, f). Finally, plants were grown under 
greenhouse conditions as mentioned before for 2–4 weeks until maturity. When spikes 
turned brown and dry, and set seeds, seeds were harvested by gently removing the 
arecones and collected in microfuge tubes and stored at 4 °C under desiccation.

Mature seeds from T1 and subsequent generations were dehusked, and surface ster-
ilized using 10 % of commercial bleach with 0.1 % Tween 20 for 5 min followed by 3–5 
washings in sterile deionized water and blotted dry on sterile filter papers for 5 min. 
Expression of reporter genes in mature T1 seeds (Fig. 21.1g, h) and seedling (Fig. 21.1i) 
was monitored. Seeds (20–25) were transferred to plates containing half strength MS 
medium fortified with either 30 mg/L hygromycin (PhytoTechnology Laboratories, 
Shawnee Mission, KS) or 3 mg/L bialaphos (PhytoTechnology Laboratories) as 
described earlier (Saha et al. 2006b). Petri plates and lids were sealed with Parafilm tape 
and kept at 4 °C for 2 days for seed vernalization. Plates were then kept horizontally and 
incubated in the growth chamber (Percival Scientific, Perry, IA) at 25 °C with 
16 h day/8 h night photoperiod and 50 % relative humidity. Putative transformants were 
identified as hygromycin-resistant seedlings with well- developed green leaves showing 
profuse rooting after 10 days postgermination (DPG) on hygromycin selection 
(Fig. 21.1j). Selected putative transformants were transferred to soil in pots and grown 
under greenhouse conditions until maturity. The percentage (%) of transformation effi-
ciencies were calculated as (number of hygromycin-resistant seedlings)/(total number 
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seeds tested) × 100. An efficiency of 0.5–0.8 % was obtained using Agrobacterium 
strain EHA105 using all three water- deficit and high-temperature tolerant genotypes 
(Table 21.1) based on the selection of T1 seeds on hygromycin plates (Fig. 21.1j). The 
germination of false positives during the selection of T1 seeds on hygromycin-contain-
ing plates was observed after 7 DPG (Saha and Blumwald 2016). These seedlings grew 
slowly and turned yellow to brown and eventually died. On the other hand, the hygro-
mycin-tolerant transformed seedlings remained green with well-developed roots.

21.7  Molecular and Segregation Analyses of Transgenic 
Plants

Primers for PCR and quantitative real-time PCR (qRT-PCR) were designed as 
described before (Kim et al. 2015) and given in Table 21.2. Genomic DNA isolation 
from transformed and untransformed control plant tissue was carried out following 
a CTAB extraction method as reported earlier (Ray et al. 2006). The stable integra-
tion of transgenes in the S. viridis genome was carried out using PCR with gene 
specific primers (Table 21.2) following the amplification program reported by Saha 
et al. (2007). Agarose gel electrophoresis analysis of the PCR products obtained 
from randomly selected independent transgenic plants revealed stable integration of 
T-DNA gene cassettes into the genome of S. viridis (Saha and Blumwald 2016).

The copy number of the integrated T-DNA was confirmed by Southern blot 
hybridization using 10 μg genomic DNA from transformed and untransformed con-
trol plants. Restriction digestion of genomic DNA, gel electrophoresis, transfer, 
probe preparation, hybridization, and autoradiography were essentially carried out 
according to procedures described earlier (Saha et al. 2006a). Analysis of autoradio-
grams showed that the majority of transgenic lines had single copy T-DNA integra-
tion (Saha and Blumwald 2016).

Segregation analyses carried out according to Dutta et al. (2005) showed a clear 
monogenic 3:1 ratio of resistant: susceptible of T2 progeny plants derived from self- 
fertilized single copy T-DNA integrated T1 plants (Saha and Blumwald 2016).

Total RNA isolation and the first strand cDNA synthesis were carried out accord-
ing to Saha and Blumwald (2014). The qRT-PCR reactions for determining the fold 
change (2−ΔΔCT) of transgenes expression were conducted following Saha et al. 
(2013). Expression analyses showed significant transcript levels of inherited trans-
genes in the selected T2 generation (Saha and Blumwald 2016).

The development of this in planta Agrobacterium-mediated spike-dip transfor-
mation will facilitate functional genomics studies in an emerging monocot model S. 
viridis.
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