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Genome sequencing has emerged as the leading discipline in the plant
sciences coinciding with the start of the new century. For much of the
twentieth century, plant geneticists were only successful in delineating
putative chromosomal location, function, and changes in genes indirectly
through the use of a number of “markers” physically linked to them. These
included visible or morphological, cytological, protein, and molecular or
DNA markers. Among them, the first DNA marker, the RFLPs, introduced a
revolutionary change in plant genetics and breeding in the mid-1980s, mainly
because of their infinite number and thus potential to cover maximum chro-
mosomal regions, phenotypic neutrality, absence of epistasis, and codominant
nature. An array of other hybridization-based markers PCR-based markers,
and markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period a number of new mapping populations beyond F,
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in studies of evolution and phylo-
genetic relationship, genetic diversity, DNA-fingerprinting, and map-based
cloning. Markers tightly linked to the genes were used in crop improvement
employing the so-called marker-assisted selection. These strategies of
molecular genetic mapping and molecular breeding made a spectacular impact
during the last one and a half decades of the twentieth century. But still they
remained “indirect” approaches for elucidation and utilization of plant gen-
omes since much of the chromosomes remained unknown and the complete
chemical depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic-physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics and a new subject was born—bioinformatics.

Thus, evolution of the concepts, strategies, and tools of sequencing and
bioinformatics reinforced the subject of genomics—structural and functional.
Today, genome sequencing has traveled much beyond biology and involves
biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes”, a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants
are accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is not only
of interest for the geneticists and breeders, but also for practitioners of an
array of plant science disciplines, such as taxonomy, evolution, cytology,

Preface to the Series
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are therefore focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/ or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor it has been a daunting task for me to
work on such a huge and broad knowledge base that spans so many diverse
plant species. However, pioneering scientists with life-time experience and
expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books besides my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole



Foxtail millet [Setaria italica (L.) P. Beauv.] is one of the world’s oldest
domesticated crops, and it has become a major crop adapted to tropical,
sub-tropical, and temperate regions of India, China, and other parts of Asia,
North Africa, and the Americas. It has a small diploid genome (~ 515 Mb),
short growing cycle 0-80 days), self-fertilization, and small morphological
stature. Its prolific seed production per plant has made this crop a novel
model for grass research. Belonging to the tribe Paniceae in the subfamily
Panicoideae, foxtail millet is evolutionarily close to major cereals including
sorghum (Sorghum bicolor), maize (Zea mays), rice (Oryza sativa), and
candidate biofuel crops such as switchgrass (Panicum virgatum), napiergrass
(Pennisetum purpureum), and pearl millet (Pennisetum glaucum). These
biofuel crops possess polyploid genomes, long generation times, and large
statures, and hence are difficult to study. Therefore, foxtail millet serves as an
excellent surrogate genome for studying the genetics and genomics of
bioenergy grasses. Efficient biomass productivity and improved water- and
nitrogen-use efficiencies are attributable to C, photosynthesis, which is
assumed to be a prime constituent of exceptional productivity among cereals
including maize and sorghum, and bioenergy grasses such as pearl millet and
switchgrass. C, photosynthesis has evolved as a result of 66 independent
plant lineages, and therefore their study is important for understanding the
biochemistry, physiology, and molecular biology of C, photosynthesis,
which could be useful in transferring this system to Cs species.

Extensive research has been carried out on maize and sugarcane to elu-
cidate the C, biology; however, the genome complexity of these crops has
resulted in little success. With the availability of reference genomes, haplo-
type maps, and small genome size, foxtail millet is accentuated as a model
system for molecular characterization of C, genetics and physiology. In
addition, being a staple crop of arid and semi-arid regions of the world,
foxtail millet is well known for its tolerance to several abiotic stresses,
particularly drought and salinity. This characteristic feature is more important
in studying the genetics and genomics of stress tolerance and, therefore,
foxtail millet is also considered as a model crop for abiotic stress biology.
Recently, the health-benefiting properties of millets have gained importance
in nutritional research and, importantly, grains of foxtail millet are reported to
be rich in protein, dietary fiber, and energy content, which are three- to
fivefold higher than major cereals such as rice, wheat, and maize. Altogether,
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foxtail millet holds the thrust for establishing climate-resilient agriculture in
order to serve nutrient-rich food and fodder to the ever-growing global
population.

India tops the list in global millet production; however, pearl millet and
finger millet are the top two varieties extensively cultivated in India. Despite
the prominent attributes encompassed by foxtail millet, breeding technolo-
gies used in this crop are far behind those of pearl millet and finger millet,
and other major cereals such as rice and wheat. Foxtail millet has also
received very little research attention worldwide, and less effort has been
invested towards dissecting the genetic determinants of the prominent traits
which are important for improvement of this model species as well as other
millets, cereals, and biofuel crops. In this context, the book enumerates the
national and international efforts invested in delineating structural, func-
tional, and nutritional genomics of this important crop. The book has 11
chapters describing the general introduction to foxtail millet followed by
sequencing efforts, and structural and functional genomics. Chapter 1 pro-
vides a general introduction to the crop by outlining its agro-economic
importance, origin, distribution, taxonomy, and cytology. Chapter 2 sum-
marizes the sequencing efforts, the outcomes, and the application of sequence
information in expediting genomics studies in foxtail millet. Chapter 3
provides interesting information on the impact of transposable elements on
distribution pattern and evolution of foxtail millet and its wild progenitor,
green foxtail. Chapter 4 summarizes the genetic and genomic resources
available in this crop for use in the improvement of foxtail millet per se as
well as other related millets, biofuel crops, and cereals. Chapter 5 describes
the breeding strategies implemented in foxtail millet and gives an elaborate
picture of how the same is being performed in India. Chapters 6 and 7 discuss
the association mapping studies and genetic structure analysis of foxtail
millet performed using high-throughput molecular markers. Following this,
Chap. 8 covers the genetic determinants of abiotic stress tolerance, Chap. 9
the genetic transformation system available in both foxtail millet and green
foxtail, Chap. 10 the nutritional potential of this crop and the relevance of
nutritional genomics in delineating the health benefiting traits, and Chap. 11
the small RNA biology of foxtail millet. Altogether, the book serves as a
primary resource material for researchers, breeders, and students working on
millet genomics.

I personally thank Prof. Chittaranjan Kole for giving me the opportunity
to edit this interesting book. I also acknowledge the help extended by one of
my research scholars, Dr. Muthamilarasan, for his expert assistance in editing
and finalizing the chapters.

New Delhi, India Manoj Prasad
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and Manoj Prasad

Abstract

Foxtail millet (Setaria italica L.) is a versatile crop known for being
genetically closely related to biofuel grasses, for its C4 photosynthesis, and
for its tolerance to abiotic stresses. These attributes have made this crop a
model system and, in view of this, the genome of foxtail millet has been
sequenced. Among millets, foxtail millet is the only crop possessing rich
genetic and genomic resources, and globally it is the second most
cultivated millet next to pearl millet. In the context of its importance in
agronomic and research terms, the present chapter summarizes the origin,
domestication, phylogeny, and agroeconomic importance of foxtail millet.

1.1 Introduction

The term ‘millets’ refers to a diverse group of
annual cereal crops that characteristically pro-
duce small seeds. They include several food,
fodder, and biofuel grasses, such as foxtail millet
(Setaria italica), finger millet (Elucine cora-
cana), pearl millet (Pennisetum glaucum),
proso millet (Panicum miliaceum), kodo mil-
let (Paspalum scorbiculatum), barnyard millet
(Echinocloa sp.), etc. (Dwivedi et al. 2012). The
major distinctive feature of the millets is their

R.K. Singh - M. Muthamilarasan - M. Prasad (D<)
National Institute of Plant Genome Research
(NIPGR), Aruna Asaf Ali Marg, New Delhi 110067,
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© Springer International Publishing AG 2017

adaptability to cope with adverse agro-ecological
conditions such as a semi-dry environment and
nutritionally poor soil, the requirement of mini-
mal inputs, and highly nutritious seed content
(Lata et al. 2013). Millets require very little water
for their cultivation—just around 25-30% of the
annual rainfall required by crops such as rice and
sugarcane. Thus, millets do not require irrigation
and power for their production. In addition,
millets also not require any synthetic fertilizers
and are completely pest-free crop as none of the
millets attracts any pests. Thus, the production of
millets is very economical for farmers because of
almost nil expenditure on irrigation, fertilizers,
and pesticides. Importantly, seeds of most millets
can be stored for longer period and are not
affected by storage pests. Nutritionally, millets
are several times superior to other cereal crops
such as rice and wheat. They are rich in minerals

M. Prasad (ed.), The Foxtail Millet Genome, Compendium of Plant Genomes,
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including iron, calcium, potassium, zinc, and
magnesium, vitamins, crude edible fibers, and are
gluten-free with low glycemic index (GI). Millet
consumption enables a reduced rate of glucose
release over a longer duration of time and thus,
because of the low GI, their routine ingestion
decreases the risk of diabetes mellitus. Regard-
less of their excellent qualities, millet consump-
tion as food is limited to conventional
consumers, particularly rural populations, only in
certain parts of the world. This is primarily
because of the lack of awareness of their nutri-
tious qualities among most people and the
non-availability of customer friendly and
ready-made millet-based products. In the past
few years, global attention and efforts have been
applied to millets to acquire expedient and
value-added processed products in consumer
markets.

Foxtail millet (S. italica) is an important crop
used as a staple food in many parts of the world
including arid and semi-arid areas of China,
some part of India and Japan, and is grown for
silage and hay in South and North America.
Foxtail millet is commonly known in India as
Kangni (Hindi), Kang (Gujrati), Navane (Kan-
nada), Kaon dana (Bengali), Kavalai, and Tenai
(Tamil), Kangam (Oriya); as Su, Xiaomi,
Shao-mi, Kou wei tsao in China; Awa in Japan;
Siberian millet and Dawa in Indonesia; Mohar in
Russia; Millet des oiseaux and millet d’Italielt in
France; Panico, Milho panico, and Milho panico
de Italica in Portugal; and Kimanga in Kenya. It
is the second most cultivated millet after pearl
millet. Worldwide, total millet production
amounts to 29.8 million tonnes, the contribution
of India being highest at 10.3 million tonnes
(FAOSTAT data 2012; http://faostat.fao.org/).
Because of its economic value the Joint Genome
Institute (JGI) of the Department of Energy, USA
and BGI (formerly Beijing Genome Initiative),
China independently sequenced its genome, and
the draft genome sequence was released in 2012.
The most likely gene number for foxtail millet is
around 24,000-29,000, which is in line with
gene complements of other diploid grasses such
as rice and sorghum (Bennetzen et al. 2012;
Zhang et al. 2012). It has been recently identified
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as an excellent model crop for the study of
genetic and molecular aspect of abiotic stress
tolerance mechanism and physiology of C4
photosynthesis process because of its small
diploid genome (~515 Mb; 2n = 2x = 18),
self-pollinating, short growing cycle (50-80
days), small plant architecture and prolific seed
production per plant, low repetitive DNA content
(30%), and a highly conserved genome structure
relative to the ancestral grass lineage such as
switchgrass (Panicum virgatum), napiergrass
(Pennisetum purpureum), and pearl millet
(P. glaucum) (Sivaraman and Ranjekar 1984;
Devos et al. 1998; Li and Brutnell 2011; Lata
et al. 2013).

1.2 Taxonomy and Morphological
Description

The genus Setaria has approximately 125 species
widely distributed in warm and temperate parts
of the world, and this includes S. italica (foxtail
millet). This genus belongs to the subfamily
Panicoideae and the tribe Paniceae. It contains
grain, wild, and weed species with different
breeding systems, life cycles, and ploidy levels
(Lata et al. 2013). The genome of S. italica and
S. viridis (green foxtail) is designated as AA
genome with 2n =2x = 18 (Benabdelmouna
et al. 2001a). Weedy tetraploid species Setaria
faberii and Setaria verticillata have AABB
genome, probably originating from a natural
cross between S. viridis and another diploid
species, Setaria adhaerans (Benabdelmouna
et al. 2001a, b). Setaria grisebachii from Mexico
has been identified as CC genome diploid species
(Wang et al. 2009). Setaria queenslandica is the
only autotetraploid (AAAA genome) species in
genus Setaria whereas other polyploid species
such as Setaria pumila and Setaria pallide-fusca
do not contain the AA genome (Benabdelmouna
et al. 2001a, b; Benabdelmouna and Darmency
2003). The taxonomic hierarchy of foxtail millet
is as follows:

Kingdom: Plantae
Subkingdom: Tracheobionta
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Superdivision: Spermatophyta
Division: Magnoliophyta
Class: Liliopsida

Subclass: Commelinidae
Order: Cyperales

Family: Poaceae

Genus: Setaria

Species: italica

Foxtail millet has a typical domesticated plant
architectural form consisting of a single stalk or a
few tillers, with large inflorescences that mature
more or less at the same time. A fully-grown
foxtail millet plant measures around 120-200 cm
(3.9-6.6 ft) in height with slim, erect, and leafy
stems (Fig. 1.1). The smooth and hairless leaves
are arc-broad, whereas culms are erect and
slender with hollow internodes. The stems are
topped by a bristly panicle which is long
(5-30 cm long) and mostly reddish or purplish
(Fig. 1.1). They give the panicle the appearance

of a fox’s tail, which is the common name for
cultivated millets belonging to the genus Setaria.
The inflorescence is a contracted panicle, often
nodding at the top; on account of its short
branches, it resembles a spike. The spikelets are
crowded and mixed with stiff bristles, the latter
representing branches on which no spikelets are
developed. Each spikelet contains only one
flower with a yellow pistil. It has a short gener-
ation time (depending on the sample, approxi-
mately 5-8 weeks from planting to flowering,
8-15 weeks from planting to seed maturity) and
can produce hundreds of seeds per inflorescence
(Reddy et al. 2006).

A single inflorescence can produce hundreds
of small convex seeds measuring about 2 mm in
diameter, encased in a thin, papery hull which is
easily removed in threshing. The color of the
seeds varies greatly between varieties. The
non-dormant seeds germinate readily in a glass-
house at densities up to 100 plants per square

Fig. 1.1 Foxtail millet plants cultivated in field condition. a Fully grown foxtail millet plants with inflorescence.

b Bristle panicle. ¢ Mature seeds
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meter or in field conditions in temperate or
tropical regions (Dekker 2003). It is a summer
crop, typically planted in late spring. Harvesting
for hay or silage can be carried out after 65-70
days (typical yield is 15,000-20,000 kg/ha of
green matter or 3,000—4,000 kg/ha of hay), and
for grain after 75-90 days (typical yield is
800-900 kg/ha of grain). Early maturity and
excellent water use efficiency (WUE) make it
suitable for cultivation in dry and arid regions.

1.3 Origin and Distribution

Foxtail millet is one of the oldest cultivated crops
in the world, the earliest archaeo-botanical macro
remains indicating its origin in Cishan and
Peiligang ruins in Yellow River Valley in the
northern province of China, approximately
7,400-7,900 years before present (BP) (Doust
et al. 2009). Green foxtail (S. viridis) is the wild
ancestral form of modern cultivated foxtail mil-
let (S. italica) (Wang et al. 1995; Le Thierry
d’Ennequin et al. 2000). A combination of foxtail
millet and proso millet (P. miliaceum) cultivation
was practised by the people in ancient China
(Lu et al. 2009; Yang et al. 2012; Lata et al.
2013). It has been proposed by Vavilov (1926)
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that the prime center of evolution and diversifi-
cation of foxtail millet was East Asia, specifically
China and Japan (Fig. 1.2). Another school of
thought hypothesized that foxtail millet was
cultivated independently in arid and drier part of
Europe and Middle East Asia approximately
4000 years BC as indicated by archaeological
remains, ribosomal DNA, and isozyme and
phenotypic variance (Jusuf and Pernes 1985;
Hunt et al. 2008; Austin 2006). Neither culti-
vated nor wild samples of foxtail millet showed a
clear differentiation of population structure, but
both samples from China were the most geneti-
cally diverse, which supports the idea of the
monophyletic origin of foxtail millet in China (Le
Thierry d’Ennequin et al. 2000). Tillering and
panicle shape were associated with domestication
as indicated by quantitative trait loci (QTL
mapping of candidate genes, whereas the origin
of waxy phenotype in foxtail millet was associ-
ated with human selection (Doust et al. 2005).
Currently, foxtail millet is distributed in most
of China, some parts of India, USA, Canada, the
Korean Peninsula, Japan, Indonesia, Australia,
and the northern part of Africa (Doust et al.
2009; Li and Brutnell 2011). In the United States,
foxtail millet is primarily produced in the
northern and western Great Plains, midwest,

Fig. 1.2 Geographical distribution of foxtail millet cultivation. World map representing the regions highlighted in red

where the foxtail millet cultivation is in practice
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H Foxtail millet cultivating regions in India

Fig. 1.3 Geographical distribution of foxtail millet cultivation in India. Map of India representing the regions
highlighted in red where foxtail millet cultivation is practiced

Colorado, the Dakotas, Kansas, Wyoming, and
Nebraska (Oelke et al. 1990; Baltensperger 1996).
Foxtail millet can be found grown mainly for feed
purposes in some part of southern Europe. In
India, it is cultivated primarily in Karnataka,
Andhra Pradesh, Rajasthan, Madhya Pradesh and
Chhattisgarh, and Tamil Nadu (Fig. 1.3).

1.4 Phylogeny

An inclusive phylogenetic study based on
nuclear as well as organellar DNA study revealed
foxtail millet to be very closely related to green
foxtail (Giussani et al. 2001; Doust et al. 2009).
This also supports the hypothesis that, because of

the course of evolution and domestication
selection, foxtail millet has evolved from green
foxtail (Wang et al. 1995; Le Thierry d’Ennequin
et al. 2000; Doust et al. 2009). Both the species
of genus Setaria are part of a larger mono-
phyletic clade consisting of approximately 300
species, all with identical inflorescence (spikelets
and bristles) features (Zuloaga et al. 2000).
Foxtail millet morphologically differs from its
wild ancestor green foxtail in its enlarged bristles
with complex branching pattern, flowering syn-
chrony, condensed axillary and basal vegetative
branching, and loss of seed dormancy and dis-
articulation (Doust et al. 2004; Doebley et al.
2006; Lata et al. 2013). Furthermore, it is also
closely related to several other biofuel crops such
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Fig. 1.4 Phylogenetic relationship of Setaria italica relative to selected important grass family members

as switchgrass, napier grass, and pearl millet at
the genome level, and hence has been suggested
to represent a relevant model for this class of
crops (Doust et al. 2009; Lata et al. 2013).
Setaria last shared a common ancestor with pearl
millet ~ 8.3 million years ago and with switch-
grass and proso millet ~ 13.1 million years ago
(Vicentini et al. 2008). Later, it was separated
from sorghum and maize ~ 27 million years ago.
It was estimated that a whole genome duplication
event had occurred to all members of the grass
family ~ 70 million years ago, before the sepa-
ration of Setaria from maize and sorghum
(Fig. 1.4). There is highly conserved collinearity
between genomic regions of S. italica and rice
(71.8%), maize (86.7%), Brachypodium (61.5%),
and sorghum (72.1%), which indicates some
close evolutionary relationships between these
grasses (Zhang et al. 2012).

1.5 Agro-Economic and Nutritional
Importance

Being a C, photosynthetic crop, foxtail millet is
naturally equipped with excellent WUE and
nitrogen use efficiency, and, in addition, several
morpho-physiological traits including dense and
deep root systems, smaller leaf area, and thick-
ening of cell walls which were thought to lead to
durable tolerance to a range of abiotic stresses—
mainly drought, heat, and salinity (Lata et al.
2013; Diao et al. 2014). In addition to that, the
grains of foxtail millet require only 26% of their
grain weight in water to germinate, whereas other
major cereals such as rice, wheat, and maize
require a minimum of 45% of their grain weight.
Similarly, to produce 1 g dry biomass, foxtail
millet requires only 257 g of water, which is the
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minimum among other cereals, as wheat and
maize requires 470 and 510 g, respectively (Diao
et al. 2014). These properties of foxtail millet
demonstrate the important agronomical features
and climate resilient characteristics.

Further investigation of genetics and geno-
mics of abiotic stress mechanisms had revealed
that foxtail millet has a novel gene as well as
known stress-responsive genes which participate
in stress tolerance (Muthamilarasan and Prasad
2015). Among abiotic stresses, heat, drought and
salt stress are the instant impact of climate
change and, in this regard, the research commu-
nity is actively involved in understanding the
genetics and genomics of crops tolerant to these
stresses, with the goal of engineering these traits
in stress-susceptible plants (Kole et al. 2015).
Understanding the significance of foxtail millet
as a model crop for abiotic stress biology, efforts
have made to investigate the role(s) of several
stress-responsive genes including AP2/ERF (Lata
et al. 2011, 2014), NAC (Puranik et al. 2011,
2013), WD40 (Mishra et al. 2012, 2014), C,H,
zinc finger (Muthamilarasan et al. 2014a), MYB
(Muthamilarasan et al. 2014b), DCL, AGO, and
RDR (Yadav et al. 2015), WRKY (Muthamila-
rasan et al. 2015), and ADP-ribosylation factors
(Muthamilarasan et al. 2016b), HSP (Singh et al.
2016), and SET (Yadav et al. 2016) in response
to several abiotic stresses.

Foxtail millet grain is rich in protein
(14-16%), crude fat (6-8%), and iron along with
zinc and calcium (Muthamilarasan and Prasad
2015; Muthamilarasan et al. 2016a). Not only is
the biological value of digestible protein higher
than rice and wheat; seven of the eight essential
amino acids, which cannot be synthesized by the
human body, are higher in foxtail millet (Zhang
et al. 2007). A grain of foxtail millet contains
approximately 2.5 times the edible fiber found in
rice, and is thus a promising source of edible
fiber, which is important for intestine and stom-
ach health (Liang et al. 2010). Foxtail millet bran
contains 8—10% crude oil and is rich in linoleic
(66.5%) and oleic (13.0%) acids (Liang et al.
2010). Through the long cultivation and utiliza-
tion as food, were fashioned using foxtail millet
seeds. In China its flour is used to make bread,

chapattis, pancakes, and snacks. Steamed bread
made from composite flour some different
methods of consumption containing foxtail mil-
let, wheat, and soybean has gained prominence in
Northern China (Diao et al. 2014). In India, its
flour is mainly used to make bread, chapattis,
cookies, and snacks. However, in many countries
it is still grown generally for fodder, birdseed,
silage, and hay.

Recently, the health-benefiting properties of
millets have gained importance in nutritional and
medicinal research. Foxtail millet is widely used
not only as an energy source for pregnant and
lactating women, but also for sick people and
children, and especially for people with diabetes.
It is reported to reduce the blood sugar concen-
tration in women diabetics (Sema and Sarita
2002; Dwivedi et al. 2012). Foxtail millet con-
sumption is very important for type-II diabetes
patients as it helps in reducing blood glucose
concentration, glycosylated haemoglobin, and
serum lipids (Thathola et al. 2010). In China it is
used to cure rheumatism. The germinated seed of
yellow-seeded cultivars is astringent, digestive,
emollient, and stomachic. It is used in the treat-
ment of dyspepsia, poor digestion, and food
stagnancy in the abdomen (www.agrisources.
com/herbs/setariaitalica). Thus, foxtail millet is a
versatile crop.
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Abstract

Among millets, foxtail millet (Setaria italica L.) is a well-studied crop,
which is known for its genetic close-relatedness to biofuel grasses and
cereals, C, photosynthesis, and appreciable tolerance to broad-spectrum
abiotic stresses. Foxtail millet, along with its wild ancestor, green foxtail
(S. viridis L.), are accentuated as model crops for studying the
aforementioned traits. In view of their importance, the genomes have
been sequenced and released. The present chapter summarizes the
sequencing efforts, the outcomes, and the application of sequence
information in expediting genomics studies. In addition, the chapter also
provides a snapshot of how the genome sequence information has been
exploited to develop different genomic resources useful for crop

improvement.

2.1 Introduction

The term ‘millets’ denotes the small-seeded,
polyphyletic, annual C, grasses belonging to the
Poaceae family. This includes several species,
including foxtail millet (Setaria italica), green
foxtail (Setaria viridis), pearl millet (Pennisetum
glaucum), finger millet (Elusine coracana), proso
millet (Panicum miliaceum), and other minor
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millets which are farmed as food and fodder crops
on deprived and trivial areas in drylands of tem-
perate, subtropical, and tropical sections across
the world (Dwivedi et al. 2011; Lata et al. 2013).
Millets stand fifth in global grain production after
rice, wheat, maize and sorghum (Dwivedi et al.
2011; Lata et al. 2013); however, they are not as
popular as chief staple crops such as rice, maize,
and wheat. Of note, millet species are a prime
resource of energy for many civilizations, espe-
cially in developing countries, and it is still being
consumed as a primary source of energy by con-
siderable global population inhabiting the arid and
semi-arid regions of the world (Muthamilarasan
and Prasad 2015). Millets are referred to as spe-
cies from not less than four distinct tribes of

1

M. Prasad (ed.), The Foxtail Millet Genome, Compendium of Plant Genomes,

DOI 10.1007/978-3-319-65617-5_2



12

PACMAD grasses, namely Paniceae, Paspaleae,
Cynodonteae, and Eragrostideae. Pearl millet,
proso millet, foxtail millet, and green foxtail
millet belong to tribe Paniceae. Irrespective of
their distinct domestication history, C4 photo-
synthesis is a common attribute shared by all the
millets. In C4 photosynthesis, unique bundle
sheaths and mesophyll cells (Kranz anatomy) are
utilized to concentrate CO, in the neighborhood
of ribulose bisphosphate carboxylase/oxygenase.
This mechanism decreases photorespiration and
enhances water utilization efficiency in millets,
especially during drought and heat stress. Cy4
plants also have superior nitrogen utilization
efficiency, and therefore need a lower nitrogen
supply to attain photosynthetic rates equivalent to
C; plants (Huang et al. 2016). These attributes of
C4 photosynthesis accentuate millets as climate-
resilient crops as they can flourish in soils of low
nutritional content, typically acclimatize to
diverse environmental stresses, require minimal
resources, and have significant nutritional values
(Muthamilarasan and Prasad 2015; Muthamila-
rasan et al. 2016a).

Genomics has offered several tools and tech-
niques to exploit an interesting genome to study
the genetic factors that contribute to a trait-of-
interest and transfer the genes/alleles/QTLs
(quantitative trait locuses) to target crops for
their improvement. In this context, millet gen-
omes could be a repertoire of novel genes and
alleles, although the polyploid and complex
nature of their genomes obstructs large-scale
genomic studies (Goron and Raizada 2015; Saha
et al. 2016). As a first step, sequencing a small
and simple genome among millets could facili-
tate the implementation of comparative genomics
tools to unravel the genomic complexities of
other millets. In this regard, foxtail millet
(S. italica L.) has been chosen as a tractable
model because of its small genome size
(~512 Mb), inbreeding nature, low repetitive
DNA content, and short life cycle (Doust et al.
2009; Li and Brutnell 2011; Lata et al. 2013;
Diao et al. 2014; Muthamilarasan and Prasad
2015). In this context, two international efforts
have been made to sequence the genome of
foxtail millet along with its wild relative, green
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foxtail (S. viridis), and the draft genome
sequence is made available to the global research
community through public databases (Zhang
et al. 2012; Bennetzen et al. 2012). The present
chapter summarizes the factors which have
accentuated foxtail millet and green foxtail (col-
lectively called Setaria) as models, their genome
sequencing efforts, the outcome of the projects,
annotation data, comparative genome mapping
against grass genomes, and the application of the
genome sequence information.

2.2 Foxtail Millet and Green Foxtail
as Prospective Models

Foxtail millet and its wild ancestor green foxtail
belong to the genus Setaria under the subfamily
Panicoideae, which comprises nearly 125 differ-
ent cultivated and wild species. Both the grasses
share significant genome-level synteny with
several bioenergy grasses, including switchgrass
(Panicum virgatum), napiergrass (Pennisetum
purpureum), and pearl millet (Pennisetum glau-
cum) (Doust et al. 2009; Li and Brutnell 2011).
The Setaria genomes are also evolutionarily close
to major cereals including sorghum (Sorghum
bicolor), maize (Zea mays), and rice (Oryza
sativa) (Doust et al. 2009). Although maize and
sorghum were initially considered as the model
for biofuel research, the large genome size of
maize along with paleopolyploid evolutionary
history, the bigger stature of plants, and the
longer life cycle have limited the applicability of
these crops. The small genome size with com-
paratively less repetitive DNA along with small
plant size have given Setaria the advantage to
serve as excellent surrogate genomes for study-
ing the genetics and genomics of bioenergy
grasses (Diao et al. 2014; Muthamilarasan and
Prasad 2015).

In addition, Setaria utilizes a C, mode of
photosynthesis, where phosphoenolpyruvate
carboxylase (PEPC) supports the instantaneous
uptake of carbon dioxide and transports it to
RuBisCO for photosynthesis. Therefore, being a
C4 plant, Setaria possesses an elevated photo-
synthesis rate as compared to other C; plants,
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even in the presence of high light intensity and
high temperature (Way et al. 2014). Instant
quenching and release of carbon dioxide by
PEPC do not need a continuous opening of
stomata for a longer duration, and thus a lesser
amount of water is lost by transpiration, conse-
quently contributing to the efficient use of water
(Lata et al. 2013). In this context, Setaria could
be an ideal model for studying C, photosynthe-
sis. Recently, the abiotic stress tolerance of fox-
tail millet has gained importance, and several
functional genomics studies aimed at character-
izing several stress-responsive genes including
NAC (Puranik et al. 2011, 2013), WD40 (Mishra
et al. 2012, 2014), AP2/ERF (Lata et al. 2011,
2014), C;H; zinc finger (Muthamilarasan et al.
2014a), MYB (Muthamilarasan et al. 2014b),
DCL, AGO, and RDR (Yadav et al. 2015a),
WRKY (Muthamilarasan et al. 2015a), and ADP-
ribosylation factors (Muthamilarasan et al.
2016b) suggested their putative involvement in
stress-responsive molecular machinery. Thus,
Setaria could be a prospective model system to
study C, photosynthesis, abiotic stress tolerance,
and biofuel traits.

2.3 Genome Sequencing Projects

The release of the whole genome sequence of
foxtail millet and green foxtail is considered as a
milestone in Setaria genomics. The genome was
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sequenced by two independent groups led by
Beijing Genome Initiative (BGI), China and the
United States Department of Energy Joint Gen-
ome Institute (USDOE-JGI), USA (Zhang et al.
2012; Bennetzen et al. 2012). The summary of

these two sequencing efforts is given in
Table 2.1.

2.3.1 Beijing Genome Initiative

2.3.1.1 Sequencing Overview

The foxtail millet strain ‘Zhang gu’ was
sequenced using whole genome shotgun com-
bined with next-generation sequencing technol-
ogy. DNA libraries of various sizes were
constructed and sequenced using Illumina
second-generation sequencers, which generated a
raw data of 63.5 Gb (127x sequencing depth).
Post filtering of raw data, ~40 Gb (80x) clean
reads were used for genome assembly by
SOAPdenovo. The contig N50 and scaffold N50
were 25.4 kb and 1.0 Mb, respectively, which
showed that 90% of contigs and scaffolds were
present in 16,903 contigs and 439 longest scaf-
folds, respectively. The total length of all scaf-
folds was estimated to be 423 Mb, with 28 Mb
(6.6%) gaps, and the genome size was deter-
mined as ~490 Mb (Zhang et al. 2012). Com-
paring the telomeric repeats identified in
sorghum with foxtail millet showed the abundant
presence of 155 bp repeat elements (Zhang et al.

Table 2.1 Summary of the outcomes of foxtail millet genome sequencing efforts

Information Beijing Genome Initiative, China
(Zhang et al. 2012)

Accessions Foxtail millet cv. “Zhang gu’ and

sequenced ‘A10°

Platforms used Illumina second-generation

sequencer

Sequence data ~40 Gb

generated

Genome ~86% (81% excluding gaps)
coverage

~423 Mb
38801 (~82% expressed)

Genome size

Total number
of genes

United States Department of Energy Joint Genome
Institute (Bennetzen et al. 2012)

Foxtail millet cv. “Yugul’ and green foxtail cv. ‘A10°
ABI3730x1 capillary sequencer; 454 FLX platform;
[llumina Genome Analyzer II platform

~4 Gb for ‘Yugul’ and ~3.5 Gb for ‘A10’

~80%

~400 Mb
24,000-29,000 expressed genes
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2012). The repeat elements were identified in the
foxtail millet genome, which showed that 46% of
the total element is composed of different trans-
posable elements (TEs), namely DNA trans-
posons (39.7 Mb-9.4%; CACTA, hAT, Tourist,
Helitron, Stowaway and other tandem repeats)

and retroelements (133.6 Mb-31.6%; LTR/
Copia, LTR/Gypsy, LTR/other, LINEs and
SINEs).

2.3.1.2 Genetic Map

A widely cultivated photo-thermosensitive
male-sterile line ‘A2’ was also sequenced using
Mlumina GA II platform (~ 10x depth) and the
reads were mapped onto the reference genome
assembly. This identified a total of 542,322 sin-
gle nucleotide polymorphisms (SNPs), 33,587
small insertion and deletions (InDels), and
10,839 structural variants (SVs) between the two
foxtail millet strains. From this, 118 SNPs and
641 SVs were used to genotype an F, population
comprising 480 individuals developed by cross-
ing ‘Zhang gu’ and ‘A2’. Of these, 751 markers
were used to construct the genetic map covering
1,865 centimorgan (cM) in total. These markers
clustered into nine linkage groups and the com-
parison of genetic and physical distances
revealed that 33% of the genome was located in
low-recombination regions.

2.3.1.3 Foxtail Millet Genes

An integrated annotation pipeline was used to
identify 38,801 genes in foxtail millet. The genes
were mapped against several protein databases
including SwissProt, TTEMBL InterPro, KEGG,
and GO to retrieve the homologs with known
function. This information was used to assign the
function of foxtail millet genes, and a total of
30,579 genes (78.81%) were annotated whereas
8,220 (21.19%) were unannotated. The tran-
scriptome of four tissues, namely root, leaf, spica,
and stem, was sequenced and aligned to the
genome assembly. The analysis showed that
81.7% of the predicted genes were expressed in
these tissues. Average lengths of intron and exon
of these genes were 442 and 256 bp, respec-
tively, and the average exon per gene is 4.3
(Zhang et al. 2012). Gene ontology annotation of
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identified genes revealed that 78.8% of the genes
have homologs with defined functions in the
public database. In addition, 1,367 pseudogenes
were predicted, which could be duplicated (both
parent genes and pseudogenes are multi-exon
genes), retrotransposed (parent genes are
multi-exon genes whereas pseudogenes are
single-exon genes), or unclassified (both parent
genes and pseudogenes are single-exon genes or
pseudogenes are multi-exon genes). Prediction of
non-coding RNA genes showed the presence of
159 miRNA genes, 382 small nuclear RNA
genes (CD-box, HACA-box, and splicing), 704
tRNA genes, and 99 rRNA genes (18S, 28S,
5.8S, and 5S) in foxtail millet genome. Large
clusters of rRNA genes were found on chromo-
somes 1, 7, 8, and 9, whereas other non-coding
RNA genes showed biased chromosomal distri-
bution (Zhang et al. 2012).

2.3.1.4 Data Availability

The sequence reads of both genome and tran-
scriptome are available in NCBI Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/sra?term
=SRA048234) and DDBJ (https://trace.ddbj.nig.
ac.jp/DRASearch/submission?acc=SRA048234).
The genome sequence and annotation data set are
available in NCBI (Project ID: PRINA77795
(chromosomes) and PRINA73995 (scaffolds); the
accession number is GSM892310). The BGI team
has also established a dedicated database for fox-
tail millet genome (http://foxtailmillet.genomics.
org.cn), and the genome assembly, annotation, and
other relevant data are available at ftp:/ftp.ge-
nomics.org.cn/pub/Foxtail_millet.

2.3.2 United States Department
of Energy Joint Genome
Institute

2.3.2.1 Sequencing Overview

The USDOE-JGI has sequenced foxtail millet
inbred line ‘Yugul’ and green foxtail accession
‘A10° wusing Sanger sequence analysis on
ABI3730x] capillary sequencer and Illumina
Genome Analyzer II platform, respectively. Also,
50688 BAC library clones (~12x genome
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coverage) were also sequenced. The final geno-
mic sequence of “Yugul’ contained 396.7 Mb in
nine chromosomes and 4.2 Mb in 327 scaffolds,
which provided a genome coverage of ~80%. In
the case of ‘A10°, ~3,500 Mb of generated data
provided ~7x coverage (Bennetzen et al. 2012).

2.3.2.2 Genetic Map

A total of 247 progenies were generated by
crossing foxtail millet inbred line ‘B100° and
green foxtail accession ‘A10’°, and using this
progeny, a recombinant inbred line (RIL) popu-
lation was constructed (Bennetzen et al. 2012).
This RIL population was sequenced using
paired-end Illumina technology, and 3,149,093
SNPs were identified. Among these, 992 SNPs
distributed at ~400-kb intervals were used to
construct the genetic map comprising of nine
linkage groups with a coverage of 1,416 cM. The
genomes of foxtail millet and green foxtail were
compared with sorghum and rice genomes,
which revealed the presence of 188 and 163
syntenic blocks. These blocks were analyzed to
identify the number of species-specific rear-
rangements in Setaria and sorghum relative to
rice, which showed the presence of seven and
four species-specific inversions in Setaria chro-
mosomes 1, 2, 4, 6, 8, and 9 and the orthologous
sorghum chromosomes relative to rice (Bennet-
zen et al. 2012).

2.3.2.3 Genome Annotation
and Analysis

Annotation of fully assembled whole genome
sequence predicted the presence of 35,472
protein-coding genes as primary transcripts and
5,128 are alternate transcripts. The analysis also
showed that ~ 11% of these genes could be novel
to foxtail millet and are interesting candidates to
study. The average length of introns and exons of
annotated genes were 163 and 135 bp, respec-
tively, and the average length of proteins was 329
amino acids. These were in accordance with the
findings reported in other grasses and Arabidop-
sis, which suggests a high degree of gene
conservation among angiosperms (Bennetzen
et al. 2012). In the case of transposable elements,
40% of ‘Yugul’ genome is predicted to contain
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TEs which is relatively equal to rice (~40%) but
lower than other grass genomes, including sor-
ghum (~62%), maize, and wheat (more than
80%). The relatively lower content of TEs favors
Setaria as a model. In addition, transcriptomes of
different tissues and treatments were sequenced
using different sequencing platforms, which
showed 34,088 RNA-seq loci distributed on 9
chromosomes of foxtail millet, and 48 miRNA
encoding genes were predicted. Similar to Zhang
et al. (2012), the study also analyzed the PEPC,
PPDK, and MDH genes among the sequenced
grass genomes, which showed a high degree of
conservation between maize and sorghum ortho-
logs. The malic enzyme isoform of Setaria is
different from those in maize and sorghum, which
could be interesting to study for delineating the
novel signatures of C, evolution. In addition,
analysis of Setaria genomes identified six
drought-associated gene clusters which possess
more gene members in drought-tolerant species
(Setaria and sorghum) as compared with
drought-susceptible species (maize and rice)
(Bennetzen et al. 2012; Muthamilarasan and
Prasad 2017). These include plant lipid transfer

protein, NADH oxidase, multi-antimicrobial
extrusion protein, aldo/keto reductase, glu-
tathione S-transferase, and AMP-dependent

synthetase/ligase. The genes encoding for corre-
sponding proteins could be potential candidates
for further functional studies in foxtail millet and
green foxtail to elucidate their genetic basis of
stress adaptation.

2.3.2.4 Data Availability

The whole genome shotgun sequence reads of
foxtail millet are available in the NCBI Nucleo-
tide database under the accession number
AGNKO00000000 (https://www.ncbi.nlm.nih.
gov/nuccore/AGNKO00000000) and Phytozome
(https://gold-dev.jgi.doe.gov/analysis_projects?
1id=Ga0039986). The updated version of the
sequence reads are available under the accession
number AGNKO02000000, and consists of
sequences AGNKO02000001-AGNKO02006778
(https://www.ncbi.nlm.nih.gov/Traces/wgs/?val=
AGNKO2). The scaffolds are available under the
accession numbers CM003528-CM003536 and
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KQ475381-KQ475707. EST and RNA-Seq data
are available at NCBI EST database (accession
numbers JK546897-JK608602) and Short Read
Archive (SRX116346-SRX116357).

2.4 Comparative Mapping Between
Foxtail Millet and Other
Sequenced Grass Genomes

Foxtail millet genome was compared with the
genome of other grasses, namely sorghum, maize,
rice, and Brachypodium. A total of 24, 19, 20, and
29 large collinear blocks were identified between
foxtail millet-rice, —sorghum, —Brachypodium,
and —maize, respectively (Fig. 2.1). This indi-
cated that foxtail millet genome is 71.8, 72.1,
61.5, and 86.7% collinear with rice, sorghum,
Brachypodium, and maize genomes, respectively.
This supports the close evolutionary relationships
among the genomes, although the chromosomes
have undergone extensive chromosomal shuffling

Fig. 2.1 Comparative
mapping of conserved
collinear blocks across the
genomes of foxtail millet and
a rice (Os; Oryza sativa),

b sorghum (Sb; Sorghum
bicolor), ¢ maize (Zm; Zea
mays), and d Brachypodium
(Bd; B. distachyon)

(Zhang et al. 2012). The arrangement of con-
served collinear blocks suggested the nested
chromosomal fusions frequently observed in
grass genomes. For example, foxtail millet chro-
mosomes 2, 3, and 9 were collinear with rice
chromosomes 7 and 9, 5 and 12, and 3 and 10,
respectively, suggesting the divergence of these
species from a common ancestor (Zhang et al.
2012). These three pairs of rice chromosomes
were individually fused to form three chromo-
somes of foxtail millet and, among these three
fusions, two also occurred in sorghum during
evolution (Zhang et al. 2012). This suggests that
the two fusions occurred before the divergence of
foxtail millet and sorghum, around 27 million
years ago.

In addition to genome-level synteny maps,
several comparative maps have been constructed
between the grass genomes at the level of
markers and gene families (Muthamilarasan and
Prasad 2015). The first comparative map using
genomic SSRs (simple sequence repeats) was
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performed by Pandey et al. (2013), and later by
Kumari et al. (2013) using EST-derived SSRs.
Later, Muthamilarasan et al. (2014a) developed
comparative maps between foxtail millet and
sequenced grass genomes using genome-wide
intron-length polymorphic markers. Similarly,
Yadav et al. (2014, 2015b) developed synteny
maps using miRNA-based and transposable
elements-based molecular markers. Comparative
analysis of these maps revealed the percentage of
sequence-based orthology and distribution of
syntenic genomic regions between the genomes.
Many of the physically mapped molecular mark-
ers in foxtail millet showed orthologous regions in
more than one chromosome of other grass gen-
omes. However, a higher percentage of synteny
was observed between foxtail millet and sorghum,
followed by foxtail millet and maize, in the case of
all the molecular markers. Interestingly, it is
unlike the comparative map constructed using
collinear blocks, where maximum synteny was
observed between foxtail millet and maize
(86.7%; Zhang et al. 2012). These comparative
maps also suggested several unique syntenic
relationships between the genomes which were
not reported by Devos (2005), Zhang et al. (2012),
and Bennetzen et al. (2012) at genome level. The
synteny maps also suggested the occurrence of
nested chromosomal fusions frequently observed
in grass genomes (Muthamilarasan and Prasad
2015). These marker-based comparative maps are
very useful in the map-based isolation of genes of
agronomic significance from foxtail millet using
marker-based genotyping data of other related
grass members.

Comparative maps were also constructed
using the gene families responsible for stress
response identified in foxtail millet. Members of
gene families including NAC (Puranik et al. 2011,
2013), WD40 (Mishra et al. 2012, 2014),
AP2/ERF (Lata et al. 2011, 2014), C,H, zinc
finger (Muthamilarasan et al. 2014a), MYB
(Muthamilarasan et al. 2014b), DCL, AGO, and
RDR (Yadav et al. 2015a), WRKY (Muthamila-
rasan et al. 2015a), and ADP-ribosylation factors
(Muthamilarasan et al. 2016b) were identified in
foxtail millet to delineate their molecular and
physiological roles in stress response, and
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comparative maps were constructed between
foxtail millet and other grass genomes. Similar to
marker-based maps, the gene-based maps also
revealed the close evolutionary relationship
between foxtail millet and sorghum, followed by
maize and rice. The decrease in synteny between
foxtail millet and rice as well as Brachypodium
was expected because of the difference in the
sub-families, where rice belongs to Ehrhartoideae
and Brachypodium is a member of Pooideae.
Muthamilarasan et al. (2015b) have identified and
characterized the genes encoding proteins and
enzymes which participate in cellulose (CesA/
Csl), callose (Gs/), and monolignol biosynthesis,
(PAL, C4H, 4CL, HCT, C3H, CCoAOMT, F5H,
COMT, CCR, and CAD) in foxtail millet. Com-
parative mapping of these genes on switchgrass
genome revealed maximum homology between
these two crops. This demonstrates the applica-
tion of comparative maps in selecting candidate
orthologous genes from related genomes for
functional characterization.

2.5 Applications of Genome
Sequence Information

The release of foxtail millet and green foxtail
genomes have expedited the structural as well as
functional genomics of both crops along with
other millets, thus proving the efficient applica-
tion of the sequence information in dissecting the
agronomic traits and also facilitating crop
improvement programs. This is evident from the
increasing number of publications that arise on
several aspects of Setaria (Fig. 2.2).

2.5.1 Molecular Marker Discovery

The release of whole genome sequences has
facilitated the discovery of high-throughput
molecular markers at genome-scale for large-
scale genotyping applications. Zhang et al.
(2012) have aligned the whole genome sequence
of foxtail millet varieties ‘Zhang gu’ and ‘A2’
and identified 542,322 SNPs, 33,587 InDels, and
10,839 SVs. Bennetzen et al. (2012) have
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sequenced the RIL population from foxtail millet
‘B100° X green foxtail ‘A10° and identified
3,149,093 SNPs and used them for the con-
struction of the genetic map. Pandey et al. (2013)
have scanned the whole genome to identify
28,342 microsatellites and constructed a
high-density physical map using 15,573 markers.
Khan et al. (2014) have identified microRNAs
from whole genome sequence information,
which was then exploited to develop 176
miRNA-based markers (Yadav et al. 2014).
Similarly, the genome sequence data was scan-
ned to identify transposable elements, from
which 20,278 repeat junction-based markers
were developed (Yadav et al. 2015a, b). To build
a haplotype map of foxtail millet, Jia et al. (2013)
sequenced 916 foxtail millet varieties and iden-
tified more than 2.5 million SNPs. Through
genome-wide association studies (GWAS), phe-
notyping of 916 varieties was carried out to
identify 512 loci associated with 47 agronomic
traits under five different environments. This
large data set of loci with minor allele frequency
>0.05 are linked with several essential agronomic
traits in diverse environments. Similarly, Bai
et al. (2013) performed resequencing of a foxtail

millet landrace ‘Shi-Li-Xiang’ (SLX) and aligned
the reads to both reference genomes to identify
the patterns of genetic variations. The study
demonstrated approximately 700,000 SNPs,
26,000 InDels 1-5 bp long, and 10,000 sequence
variants between SLX and Yugul (Bennetzen
et al. 2012); over 900,000 SNPs, 20,000 InDels,
and 12,000 SVs between SLX and Zhang gu
(Zhang et al. 2012; Bai et al. 2013). Recently,
Upadhyaya et al. (2015) have resequenced 190
foxtail millet accessions including a core col-
lection and identified 17,714 SNPs, which were
then used for genetic structure analysis and
GWAS. Altogether, the release of genome
sequence data has facilitated the development of
large-scale genome-wide molecular markers
useful for high-throughput genotyping purposes.

2.5.2 Construction of High-Density
Genetic and Physical
Maps

Construction of genetic and physical maps fol-
lowed by saturation approaches to pinpoint the
genomic regions regulating agronomic traits is



2 Foxtail Millet Genome Sequencing, Assembly ...

indispensable for molecular as well as genomics-
assisted breeding. In the case of foxtail millet,
genetic maps were constructed by Zhang et al.
(2012), Bennetzen et al. (2012), Jia et al. (2013),
Bai et al. (2013), and Upadhyaya et al. (2015),
which were shown to be useful in mapping
important traits. High-density physical maps were
constructed by Pandey et al. (2013) using SSRs,
Kumari et al. (2013) using EST-SSRs, Muthami-
larasan et al. (Muthamilarasan et al. 2014c) using
intron-length polymorphic markers, and Yadav
et al. (2014, 2015a, b) using miRNA- and
TE-based markers. In addition, gene family
members including NAC (Puranik et al. 2011,
2013), WD40 (Mishra et al. 2012, 2014),
AP2/ERF (Lata et al. 2011, 2014), C,H, zinc fin-
ger (Muthamilarasan et al. 2014a), MYB
(Muthamilarasan et al. 2014b), DCL, AGO, and
RDR (Yadav et al. 2015a), WRKY (Muthamila-
rasan et al. 2015a), and ADP-ribosylation factors
(Muthamilarasan et al. 2016b) were also physi-
cally mapped onto foxtail millet chromosomes to
construct physical maps. These maps are certainly
useful in map-based selection of genes and/or
markers for breeding and characteriszation
purposes.

2.5.3 Gene Discovery

Whole genome sequence information provides
access to the total number of genes that con-
tribute to the growth, development and stress
response. Increasing numbers of studies of indi-
vidual genes and their corresponding gene fam-
ilies have suggested their involvement in diverse
molecular, physiological and biological pro-
cesses, and have provided novel clues on their
regulation per se. In foxtail millet, NAC (Puranik
et al. 2011, 2013), WD40 (Mishra et al. 2012,
2014), AP2/ERF (Lata et al. 2011, 2014), C;H»
zinc finger (Muthamilarasan et al. 2014a), MYB
(Muthamilarasan et al. 2014b), DCL, AGO, and
RDR (Yadav et al. 2015a), SET (Yadav et al.
2016), and Heat shock protein (Singh et al. 2016)
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have been characterized at genome-wide level
and interesting candidate genes showing differ-
ential expression in response to different abiotic
stresses have been identified. In addition, a
transcriptome-wide analysis of WRKY transcrip-
tion factors was performed in green foxtail
(Muthamilarasan et al. 2015a), and Muthamila-
rasan et al. (2016b) have also performed a
comparative study on structure, organization, and
evolution of ADP-ribosylation factors in rice and
foxtail millet. Zhang et al. (2012) have untapped
586 genes in the genome which was annotated as
‘response to water’. These genes could be can-
didates for studying the molecular machinery of
drought and dehydration stress adaptation. Sim-
ilarly, the foxtail millet-specific genes identified
by Zhang et al. (2012) and Bennetzen et al.
(2012) could also be studied for their specific
roles in this climate-resilient crop.

2.5.4 Comparative Genomics

The availability of high-density genetic linkage
maps as well as physical maps facilitates com-
parative mapping of genes and genomic regions
of agronomic importance in other related crop
species. The close evolutionary relationship
between Setaria and several biofuel grasses as
well as cereals and millets enables the transfer of
genes, alleles, and QTLs from Setaria. It also
facilitates the identification of orthologous genes
in the related crop genome for characterizing their
functional roles. The higher percentage of cross-
genera transferability of molecular markers,
namely SSRs, eSSRs, and ILPs, also paves the
way for the use of these markers in other related
genera whose genome sequence information is
not available. In view of these, comparative
physical maps were constructed in all the studies
related to marker discovery and gene family
identification in foxtail millet. In addition, com-
parative genomics also permits the evolutionary
studies including rates of evolution of genes and
their corresponding families, differential gene
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loss or retention following duplications and
chromosomal rearrangements, and divergence
patterns which collectively contribute to taxo-
nomic, morphological, and physiological
variations.

2.5.5 Sequencing and Resequencing
of Genomes

The existence of predominant genome-level
synteny between Setaria and other related spe-
cies facilitates the sequencing and assembly of
those complex genomes. Bennetzen et al. (2012)
had sequenced the tetraploid switchgrass and
demonstrated the applicability of foxtail millet
genome in assembling the sequence reads.
Availability of reference genomes also enables
the resequencing of different cultivars, varieties,
accessions, and landraces and alignment of
sequence reads to the reference genome for
identifying the SNPs and InDels which are useful
for large-scale genotyping applications. In addi-
tion, reference genomes simplify the sequencing
and analysis of transcriptomes. Unlike genomes,
transcriptomes are highly dynamic, and assembly
of RNA sequence reads using de novo approa-
ches are often error prone. However, reference-
based assembly allows an efficient assembly and
annotation of transcripts, and thus the genome
sequence plays an important role in these aspects.

2.6 Conclusions

The initiation of Setaria as model crops for dis-
secting the physiological, evolutionary and
architectural traits of C4 panicoid grasses was
accentuated by the release of whole genome
sequence information. This has accelerated the
research in this neglected yet model crop, which
promoted the crop from ‘orphan’ to ‘crop with
rich genetic and genomic resources’. It should be
noted that foxtail millet research has now
obtained numerous scientific leads to proceed
further toward crop improvement. Attempts to
develop genomic resources at large-scale and
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providing unrestricted access to the research
community via web-based databases would cer-
tainly accelerate functional genomics studies and
molecular breeding for crop improvement. Fur-
thermore, the crop’s potential abiotic stress tol-
erance has encouraged the plant research
community to explore the respective molecular
mechanism which would enable the generation
of crops with improved stress tolerance, thus
ensuring food security in the scenario of global
climate change.
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Abstract

Large fractions of millet genomes are saturated with repetitive elements in
which the major portion of repeats are contributed by transposable
elements (TEs) which are also known as selfish genetic elements. These
elements are capable of mobilizing in the genome from one position to
another through transposition or retro-transposition with the help of
certain specific enzymes coded by these TEs themselves. Recent advances
in genome sequencing and assembly techniques provide an opportunity to
enlighten our views on the current understanding of millet TE diversity
and evolution in the genome. Transposable elements (TEs) represent
approximately 40% of assembled millet genomes, and deeply branching
lineages such as rice, maize, and other grass genomes exhibit a higher TE
diversity in comparison to other plant taxa. With the advancement of
sequencing techniques and availability of assembled genomes, long-read
sequencing should soon provide access to TE-rich genomic regions of TE
and their architecture in the genome. Furthermore, the current bottleneck
in genome analyses and annotation of TEs could also be resolved to avoid
misleading conclusions on repeat architecture and their involvement in

genome evolution.

3.1 Introduction

Millets are the oldest cereals in the world and are
thought to have been domesticated in China,
Asia, and other parts of the world, including

India. Millets have many excellent characteristics
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in comparison to other related members of grass
families such as maize, wheat, and sorghum.
Millet grains are also most valuable for their high
nutritional contents such as protein, folic acid,
vitamins, and carotenoids (Muthamilarasan et al.
2016). Millet is a diverse group of annual crops
from the family Poaceae that distinctively pro-
duces small seeds. It basically includes several
items of food and pasturage, namely foxtail
millet (Setaria italica), pearl millet (Pennisetum
glaucum), finger millet (Eleusine coracana),
proso millet (Panicum miliaceum), little millet
(Panicum sumatrense), barnyard millet [Echino-
chloa crus-galli (Japanese) and Echinochloa
colona (Indian)], kodo millet (Paspalum scro-
biculatum), tef (Eragrostis tef), and guinea millet
(Brachiaria deflexa) (Dwivedi et al. 2012).
During the period 2004-2008 the average con-
tribution of total cereal to world food production
was 255.1 million tonnes per year, of which the
millet share was 12.7% (32.3 million tonnes)
(Dwivedi et al. 2012). These grasses are pri-
marily adapted to the arid and semi-arid tropics’
of Asia and Africa (particularly India, China,
Mali, Nigeria, and Niger). India’s contribution to
world millet production is 32%. Furthermore, of
the total millet produced, 90% is utilized in
developing countries (FAO 1995). In terms of
world millet production, foxtail millet and proso
millet (P. miliaceum) rank second after pearl
millet (P. glaucum) (FAOSTAT 2005; http://
faostat.fao/org/).

In recent years, the availability of foxtail
millet (S. italica) and green millet (Setaria vir-
idis) genome sequences to the public provides an
important resource for investigating plant gen-
ome architecture, drought tolerance, N, use effi-
ciency, C, photosynthesis proficiency, and
bioenergy crops (Bennetzen et al. 2012; Long
1999; Sage and Pearcy 2000; Kocacinar et al.
2008; Ghannoum et al. 2011). Both millets are
now being used as model plants for experiments
because of their small genome size,
self-fertilization, and short life cycle. If stored
properly, millets can keep well for 2 years or
beyond without losing viability. Most millets,
including foxtail millet, are advantageous for
consumption as they are rich in nutrition, possess
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non-glutinous and non-acid forming properties,
and are easy to digest. Moreover, the nutritional
value of millets is high as they are rich in
nutritionally important minerals such as iron,
calcium, zinc, magnesium, phosphorus, and
potassium. They are also a good source of dietary
fiber and several vitamins (j-carotene, niacin,
vitamin B6, and folic acid). The high lecithin
content of millets is helpful for increasing
strength of the nervous system. Therefore, con-
sumption of millets can provide a way to elimi-
nate malnutrition among a major section of the
Indian population (Muthamilarasan et al. 2016).
They are usually called coarse grains; however,
because of their important nutritional properties
they are now being termed ‘nutria-millets/
nutria-cereals’. Millets are also rich in polyphe-
nols, tannins, and phytosterols, and are a good
source of antioxidants. Despite possessing plen-
tiful qualities, the use of millets as food is
restricted to conventional consumers, predomi-
nantly the tribal populations. This can be attrib-
uted to the non-availability of user-friendly
products such as ready-to-use/ready-to-eat
millet-based food. In recent times, millets have
been considered to be important food, and vari-
ous efforts are under way to prepare suitable
value-added ready-to-use products from them.
Based on reference genomes, a large number
of studies have been conducted to investigate the
genomic organization using DNA markers (SSRs
(simple sequence repeats), EST-SSRs (expressed
sequence tag-SSRs), intron-length polymorphic
markers, SNPs (single nucleotide polymor-
phisms), InDels) (Pandey et al. 2013; Gupta et al.
2011, 2012; Muthamilarasan et al. 2014) and
small RNA (ribonucleic acid)-based markers
(Yadav et al. 2015). Many of the regulatory
quantitative trait locuses (QTLs) and genes have
been identified for various agronomic traits (Jia
et al. 2013; Qie et al. 2014). Besides genes and
other regulatory elements, there are other
important substructures existing in the genome
that could increase the complexity of the gen-
ome, and hence, considering their prominent role
in biological regulations, repetitive elements are
being explored to discover the genomic organi-
zation and the effect on phenotypic variations.
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3 Transposable Elements in Setaria Genomes

These repetitive sequences are randomly situated
in the genome and have the ability to mobilize in
the genome from one location to another. Later
on, these mobile genetic elements were named
transposable elements (TE), first discovered by
Barbara McClintock who observed the existence
of ‘jumping genes or mobile genetic elements’ in
the maize genome, which are repetitive in nature.
TEs prediction and identification of putative roles
in regulating the various agronomic traits have
been under way on the pilot plan in many
eukaryotes as well as in almost all plant species
genomes. TEs are small segments of the chro-
mosome that can ‘jump’ out of their location into
another completely random location (transposi-
tion). Because of their mobile behavior, the TEs
are independently integrated throughout the
genome, forming a major component of plant
genomes and contributing to the diversity in
genome sizes and structure. Here, we review
recent insights into TEs in the era of
high-throughput sequencing and the high-quality
reference genome assembly and how it has
influenced the millets’ genomes complexity.
TEs are distinct DNA fragments that have the
capability to organize themselves by mobilizing
within the genome, either by transcribing new
copies or replicating themselves during the pro-
cess of translocation. The process of TE
translocation within the genome would lead to
reorganization of the genome and dramatically
change the genome complexity over time. Ear-
lier, TEs were considered to be functionless
genomic parasites which are known as selfish
genes. However, with the advancement of
high-throughput sequencing and growing acces-
sibility of assembled genomes has provided the
opportunity to dissect out the complex role of
TEs and their role in genome evolution (Yadav
et al. 2015). Various researchers have also
reported that TEs are important genetic elements
which could have a crucial impact on genome
architecture and evolution in numerous ways.
Another interesting feature of regulation of
genomic changes by TE is that they act as either
alternate promoters or first exons for a subset of
host genes, thereby bringing about changes in the
rate of transcription/silencing (Peaston et al.
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2004). We are therefore hypothesizing that var-
ious types of TEs could trigger sequential
reprogramming of the genome during the differ-
ent developmental stages. For example, it is
reported that different LTR (long terminal repeat)
retrotransposons have specific, developmentally
regulated expression patterns, suggesting that the
normal repressive chromatin structure for these
loci might be established sequentially during
megaspore mother cell differentiation to embryo
development stages (Durdn-Figueroa and
Vielle-Calzada 2010).

Transposition of TEs from one position on the
chromosome to another leads to phenotypic vari-
ation because of mutations caused by chromoso-
mal breakage and fusion, as well as the
transposition of genes. For example, in maize,
Barbara McClintock identified two ‘movable’
elements—Activator (Ac) and Dissociation (Ds)
—with the capability to insert into different
genomic locations, either in genes or regulatory
regions, leading to mutations in those genes and
formation of new phenotypes. Therefore,
researchers are using publicly available EST and
genomic databases to identify the TEs in plant
genomes and their involvement in regulating the
various agronomic trait, either by inserting
themselves into a gene or in other regulatory
regions through mRNA (messenger RNA).
Alternatively, searching for TE would be feasible
in an RNA population using advanced RNA
sequencing technologies. Most of the plant gen-
ome appears to be rich in the repetitive region that
contains a high copy of retrotransposons, and that
could be a most transcriptionally active region in
the genome (Arabidopsis Genome Initiative 2000;
The Rice Chromosome 10 Sequencing Consor-
tium 2003). In certain LTR types of retrotrans-
posons, RNA transcript is generated from Ty
1-copia-type and Ty3-gypsy-type retro elements.
As these transcripts possess a poly tail A, they
have the potential to be included in the mRNA
populations. A search for TEs in the ESTs data-
bases has been attempted by Macas et al. (2003) in
Pisum sativum. They showed that at least a few
elements are transcribed, most likely because of
their association with genic regions. In
another study, Echenique et al. (2002) used the
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Triticeae ESTs database to assess the presence of
TEs in the RNA population, such as retrotrans-
posons (Ty I-copia-type and Ty3-gypsy-type
retro elements). The indirect estimation of tran-
scriptional activity of these repetitive elements is
important for improving the annotation of geno-
mic sequences which are used to search these EST
databases. Vicient (2010) analyzed the transcrip-
tional activity of the maize TEs based on EST
databases and found that 1.5% maize ESTs show
sequence similarity with TEs. The large number of
ESTs in the database could help in the identifica-
tion of retrotransposons, which is the essential
step for further studying expression analysis and
miRNA-mediated silencing.

3.2 Classification of TEs

TEs have their own peculiar mechanism for
translocations in the genome, either through RNA
intermediates or without RNA intermediates.
Based on the type of transposition and replication

Gypsy

mechanisms, TEs are categorized into two
classes: class I TEs [(retrotransposons produce
RNA intermediates that are copied into DNA and
then inserted into new locations within the genome
by the action of reverse transcriptase (RT)] and
class I TEs [DNA transposons move directly by a
“cut and paste” mechanism] (Sabot et al. 2004).
Class I elements are further classified into two
superfamilies: (1) LTR-type retrotransposons,
flanked by LTRs and (2) non-LTR elements [such
as Long Interspersed Nuclear Elements (LINEs)
and Short Interspersed Nuclear Elements
(SINEs)].

Retrotransposons belong to this class, and use
RNA intermediates to transpose and their
replicative mode of transposition generates a new
copy of transposon although the original trans-
poson remains intact (Feschotte et al. 2002).
Based on both their degree of sequence similarity
and the order of encoded gene products, the class
I LTR-type elements are further classified into
Tyl/copia-like and Ty3/gypsy-like) (Fig. 3.1).
During LTR retrotransposon mobilization, an
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Fig. 3.1 Diagrammatic representation of major TE types
and their classification scheme. Structural features are
presented as LTR types (Copia and Gypsy) nucleocapsid
protein (GAG), polyprotein (Pol), integrase (IN), reverse
transcriptase (RT), and an RNase H (RH). LTR has 5’ and
3" LTR flanking the internal coding region. Internal region
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of the LTR contains PBS and DR: represented as direct
repeat. UTR is untranslated Region, Pol III: RNA
Polymerase III promoter recognition sites, LINEs: Long
Interspersed Nuclear Elements, SINEs: Short Interspersed
Nuclear Elements
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RNA molecule is reverse transcribed into
double-stranded DNA through a series of tem-
plate switches encoded by four genes containing
protease, integrase, reverse transcriptase, and
ribonuclease H. domains (Kumar and Bennetzen
1999). The double-stranded DNA copy of the
element is then reinserted into the genome via an
integrase. Full-length LTR flank two LTR named
5" LTR and 3’ LTR started with TG and ended
with CA flanking the internal coding region. The
internal region of the LTR contains PBS (primer
binding site) and polypurine tract (PPT) which
were 20 and 15 bp in length, respectively. On the
other hand, LINEs mobilize via a target-primed
reverse transcription mechanism in which the
transcript itself re-enters the nucleus with the
help of its protein products. LINE contains an
untranslated region (UTR) at both ends along
with an RNA polymerase II promoter and two
non-overlapping open reading frames (ORF1 and
ORF2) encoding integrase, reverse transcriptase,
and ribonuclease H. domains (Fig. 3.1). These
proteins, usually including an endonuclease
domain along with the reverse transcriptase, nick
the target site for integration and conduct reverse
transcription of the LINE transcript (Kumar and
Bennetzen 1999). SINEs are also transposed
through RNA intermediates by reverse-
transcribed RNA molecules using RNA poly-
merase III (Fig. 3.1). The mechanism of retro-
transposition of SINEs is slightly different and
more complicated than LINEs. SINEs do not
encode all the functional proteins involved in
retrotransposition and therefore depend on other
mobile elements for transposition. In some cases
they may have their own endonuclease that
allows them to cleave their way into the genome,
but the majority of SINEs integrate at
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chromosomal breaks by using random DNA
breaks to prime reverse transcriptase.

Class II TEs or DNA transposons mobilize
without reverse transcription of source elements
and are classified into three major subclasses,
each with a distinct transposition mechanism:
“cut-and-paste” or Terminal Inverted Repeat
(TIR) DNA transposons (e.g., hATs, piggyBacs
and mariners), rolling-circle transposons (e.g.,
Helitrons), and self-synthesizing DNA trans-
posons. The transposase enzyme has a number of
functional domains, including a catalytic domain
and a DNA-binding domain, which catalyze the
whole set of reactions necessary for DNA
transposition (Fig. 3.2). Furthermore, they are
classified into ten sub-classes, namely DNA/
CMC-EnSpm, DNA/En-Spm, DNA/hAT-Ac,

DNA/hAT-Tagl, DNA/AT-Tipl00, DNA/
MULE-MuDR, DNA/PIF-Harbinger, DNA/
TcMar-Stowaway, RC/Helitron, and DNA/
Tourist based on similarity searches with

known TEs reported in other plant species. TE
contributes approximately half of the genomic
region, and therefore it is important to identify
the new class of retrotransposons that provide us
with an unprecedented rate of discovery. This
type of discovery provides evidence of the
lineage-specific expansion of the specific class of
TE that could certainly have influenced the
evolution of the genome. The replicative mode of
transposition by these retrotransposons results in
their greater abundance in the genome, and
reports indicate that the genomes of maize,
Arabidopsis, and wheat are comprised of 50, 14,
and 90% of LTR-type retrotransposons, respec-
tively (SanMiguel et al. 1998; Arabidopsis
Genome Initiative 2000; Meyers et al. 2001;
Brenchley et al. 2012).

=

|

ITR

Transposase

ITR

Fig. 3.2 DNA transposons having two terminal inverted repeats (ITRs) flanked by short direct repeats (DRs). It has a

single ORF encoding transposase-like protein
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3.3 Diversity and Evolution of TEs

TEs are usually distributed throughout the gen-
ome in the plant kingdom. Class I-type retro-
transposons have been found to be widely
distributed in the grass families, including major
millets and non-millets. Furthermore, class I-type
retrotransposons, especially Copia and Gypsy
types of retrotransposons, are frequently found in
high copy numbers in grass genome which
makes the large and complex genome. Moreover,
non-LTR retrotransposons, LINEs and SINEs are
also an important component of the genome and
randomly distributed in the genome. However,
SINEs are present in low copy numbers in the
millet genome as compared to other grasses as
well as plant species. In general, retrotransposons
are predominantly composed of noncoding
sequences, present in an intron or an intergenic
region of the plant genomes (Feschotte et al.
2002), as the replicative mode of retroelement
transposition allows the LTR retrotransposon to
accumulate in high copy numbers. Many of the
studies revealed that plant genomes have sub-
stantial uniformity in the organization of TEs.
For example, only ~18% of the Arabidopsis
genome (The Arabidopsis Genome Initiative
2000) contributed to similarity with TE sequen-
ces, whereas up to 90% of the Zea mays (maize)
and wheat genome is composed of TEs (Ben-
netzen and Kellogg 1997; Feschotte et al. 2002;
Meyers et al. 2001; SanMiguel et al. 1998;
Flavell et al. 1998). The transposition mecha-
nism of TEs resulted in enriched heterochromatin
formation through the process of chromatin
modifications and DNA methylation, leading to
transcriptional silencing. SanMiguel et al.
(1996), Rabinowicz et al. (1999) reported that
most of the TEs are limited to the methylated
heterochromatin region in the maize genome.
Vicient (2010) concluded that TEs and other
repetitive sequences are most prone to DNA
methylation, which could play an important role
in structural and functional variation in plants.
TEs/retrotransposons also play an important role
in miRNA-mediated silencing. For example, a
recent study demonstrated that small RNAs
(sRNASs) of 24 nucleotides derived from the LTR
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region of TEs (TEs) interacted with AGO9 and
induced TE silencing during the male and female
gametophytes (Olmedo-Monfil et al. 2010).

3.4 TE Insertion in Millet Genes

Because of their mobile or jumping nature, TEs
are supposed to be involved in disrupting the
genes or integrating into nearby genes affecting
the process of transcription. The phenomenon of
translocation and integration of TEs into the
genome leads to chromosomal rearrangements
which may cause the accumulation of mutations
through deletion or insertion mutation, and,
ultimately, it affects the transposition process at a
particular position toward the inactivation of
genes. Yadav et al. (2015) detected 12% foxtail
millet genes were found to be interrupted by TEs,
of which ~0.75% genes had Copia-type retro-
transposons, ~ 1% genes had Gypsy-type, ~3%
genes had LINEs, and ~6% genes were inter-
rupted with DNA transposons (Fig. 3.3). A simi-
lar phenomenon of TE insertion in the intronic
region was also observed in green millet genome.
However, 10% green millet genes were inter-
rupted with TEs, in which ~0.54% genes had
Copia-type retrotransposons, ~ 1% genes had
Gypsy-type, ~1% genes had LINEs, and ~5%
genes were interrupted with DNA transposons
(Fig. 3.3).

TE integration in the genic region leads to
suppression of gene expression. Functional
annotation analysis of these TE interrupted genes
revealed that major genes are involved in organ,
reproductive development, and stress-responsive
pathways. Further chromatin regulatory genes
containing SET domain gene family and AGO
gene family, which are the components of RNAi
machinery, were identified as the genes inter-
rupted with TEs. In a previous study, some of the
foxtail millets genes (Si013141m, Si033830m,
and Si009202m) have been characterized by
Yadav et al. (2015) and they are interrupted by
TE elements. Besides interruption in gene frag-
ments, transposition events are used to provide a
platform to capture gene fragment by many
transposons and retroelements and become part
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of the gene regulatory regions at the site of
insertion. Transposons pick up bits and pieces of
genes that code for proteins other than trans-
posases, and transposase genes are pressed into
services other than transposition (Lisch and
Bennetzen 2011; Lisch 2009). For example, the
proteins encoded by the FAR1 and FHY3 genes
of Arabidopsis are related to the MuDR family of
transposases (Allen et al. 2006). FHY3 and
FAR3 are transcription factors that regulate
light-dependent chlorophyll biosynthesis in
development, the former also gating phy-
tochrome signaling to the circadian clock (Tang
et al. 2012).

3.5 TE Patterns in the Millet
Genome

Millets are herein well-defined as the para-
phyletic group comprising major millets
(S. italica, S. viridis, and P. glaucum), minor
millets (Bandyopadhyay et al. 2017), and other
related biofuel crops covering the deepest lineage
of panicoids. In monocots, there are intense dis-
parities in TE distribution and composition in
different plant taxa, ranging from 90% in maize

to 40% in rice. All major types of TEs are present
in grass genome, and millets genome demon-
strated overall higher TE diversity as compared
to other members of grass family genomes.

3.5.1 Setaria italica

Information for various classes of TEs has been
curated by Yadav et al. (2015) in foxtail millet,
which is derived from whole genome sequenc-
ing. Publicly available foxtail millet genome
assembly suggests that at least 40% of the gen-
ome is contributed by TEs. The distribution of
TEs is consistent with other grass genomes such
as rice (40%), and sorghum (62%) (Bennetzen
et al. 2012). In silico curation by Yadav et al.
(2015) suggested that most of the TEs are con-
tributed by LTR-type retrotransposons followed
by DNA transposons (class II). For example,
Yadav et al. (2015) scanned the whole genome
sequence of foxtail millet and identified a total of
1038 full-length Copia-type and 1570 full length
Gypsy-type retrotransposons (Fig. 3.4). Accord-
ing to Yadav et al. (2015), the length of Copia
elements and Gypsy-type LTRs varies greatly
with a mean of 7.7 and 11.7 kb, respectively.
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They have also curated a large number of
non-LTRs elements which have been categorized
as LINEs and SINEs. The length of LINEs ran-
ged from 0.1 to 14.0 kb with a mean length of
1.3 kb, whereas the length of SINEs varied from
0.1 to 1.8 kb with a mean length of 1.5 kb.
Similarly, a tremendous number of DNA trans-
posons (24,386) belonging to class II-type TEs
were scattered into foxtail millet genome. These
transposons belong to various sub-classes,

namely DNA/CMC-EnSpm, DNA/En-Spm,
DNA/hAT-Ac, DNA/hAT-Tagl, DNA/hAT-
Tip100, DNA/MULE-MuDR, DNA/PIF-

Harbinger, DNA/TcMar-Stowaway, RC/
Helitron, and DNA/Tourist based on similarity
search with known TEs reported in other plant
species (Fig. 3.4).

3.5.2 Setaria viridis (Green Millet)

Similar to S. italica, green millet contains a rel-
atively lower amount of TEs. Comprehensive TE
annotations of S. viridis revealed that ~40% TEs
contributed to genome composition which
includes both class I and II types of TEs. The
whole genome sequence of green millet was
scanned for representation of various types of

TEs using DNA transposons and identified by
RepeatMasker  (http://www.repeatmasker.org/
cgi-bin/WEBRepeatMasker). It was found that
maximum number of Gypsy-type retrotrans-
posons was 28,065 in the genome, whereas
14,253 Copia-type retrotransposons are present
in all chromosomes of green millet (Fig. 3.5).
Green millet was also curated for non-LTR ele-
ments and it was found that 3000 LINE elements
are present in the genome. However, very low
frequencies of SINEs were detected in all over
the genome. DNA transposons (22,351) in green
millet genome were also identified and it was
found that a maximum number of DNA trans-
posons belong to Harbinger category followed by
DNA/CMC-EnSpm  (6031) and  DNA/
TcMar-Stowaway (1571) (Fig. 3.5).

3.6 Epigenetic Regulation of TEs
and Involvement in Gene
Expression

TEs are known for jumping behavior which may
produce more polymorphic locations in the
genome, leading to the production of genetic and
phenotypic variations among individuals. These
phenomena could also create polymorphism
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within the cells or tissue of individuals by sub-
jecting nearby genes to the epigenetic regulation
that is targeted by TE. Various epigenetic
mechanisms, such as the transcriptional and
posttranscriptional mechanism of TE silencing,
could involve regulation of TE translocation,
which also affects the expression of nearby
genes. DICER-LIKE1 (DCL1) is a member of
the dicer family of proteins and is involved in
one of the prime mechanism for epigenetic reg-
ulation of TE where dsRNA results from retro-
transposons to form 21-30 nucleotides long
small interfering RNAs (siRNA). These siRNAs
are loaded onto RISC complex with the help of
Argonaute protein for the degradation of the
complimentary transcript (Fig. 3.6). Another
important mechanism, DNA methylation, can
bring changes to chromatin conformation that
inhibits the binding of transcription factors,
hence impeding transcription (Bell and Felsen-
feld 2000). In higher eukaryotes, particularly in
plants and fungi, DNA methylation is funda-
mentally described as a defense strategy that
protects genomes against TEs by transcriptional
silencing (Yoder et al. 1997; Zilberman et al.
2008). The first evidence for DNA methylation-
mediated regulation of TE activity was reported
in maize. Inactivation of the Activator (Ac), a TE,

was correlated with the extent of DNA methy-
lation in the transposase promoter sequences, and
active Ac elements showed a reduced level of
methylation in maize. (Chomet et al. 1987; Wang
et al. 1996). Mutational studies in Arabidopsis
thaliana recognized the reactivation of TEs in the
met] and ddml single mutants, which are
defective in DNA-methylation (Lippman and
Martienssen 2004; Miura et al. 2001).

DNA methylation alterations triggered in
response to environmental stress can either get
erased or persist in plant genome after the release
of stress, imparting a stress memory. The stress
memory is transmitted to progeny of the plant,
preparing them for future stress encounters, and
this is called transgenerational inheritance (Chin-
nusamy and Zhu 2009). In Arabidopsis, the
RdDM mutants showed activated transposition of
retrotransposon ONSEN under heat stress. This
transposition was also observed in the progenies
derived from tissues exposed to heat stress (Mat-
sunagaetal. 2012). Further, preservation of altered
DNA methylation level was observed in selfed
progenies of rice genotypes exposed to salt and
alkaline stress (Feng et al. 2012). Hence, inheri-
tance of epigenetic modification elicited by stress
can be anticipated as an approach to promote the
development of more stress-tolerant crop varieties.
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3.7 Utilization of TEs in Millets
Improvements

Their ubiquity in plants, wide dispersion on all
chromosomes, and activity in creating genomic
diversity make TEs ideal for use as molecular
markers (Schulman et al. 2004) which can also
be used for genetic linkage mapping. Because of
the rapid amplification activity of
TE/retrotransposons through a “cut-and-paste” or
a “copy-and-paste” mechanism, they are ran-
domly inserted into other repetitive sequences,
gene loci, or intergenic regions, resulting in dif-
ferent types of TE or repeat junctions. Most of
those junctions are unique and genome-specific,
and randomly distributed along chromosomes. In
this regard, Devos et al. (2005) developed a
technique where repeat junctions are used to
generate unique markers. This technique can be
useful for genome-wide marker development in
large and repetitive genomes to differentiate the
homologous region of millet genome. Several
PCR-based molecular marker systems based
upon TEs have been proposed and applied to

genetic diversity assessment, and genetic and
physical mapping, such as retrotransposon-based
insertion polymorphism (Flavell et al. 1998),
inter-retrotransposon amplified polymorphism
(Kalendar and Schulman 2006), repeat junction
marker (Wanjugi et al. 2009), repeat
junction-junction marker (Luce et al. 2006), and
insertion-site-based polymorphism (Devos et al.
2005; Paux et al. 2006). In foxtail millet, Yadav
et al. (2015) successfully developed 20,278
PCR-based repeat junction markers using
RJPrimers pipeline v1.0 (http://probes.pw.usda.
gov/RJPrimers/). The complete foxtail genome
was scanned to identify TE junction-based
markers which are successfully validated in 99
foxtail millet lines for their utilization in diversity
analysis. Retrotransposons-based markers for
dissecting out the important QTL or genes could
therefore be an important tool because they are
ubiquitous in nature and represent the whole
genome with high copy numbers. Another
important property of retrotransposons is that
they possess a replicative mode of transposition.
Therefore the insertions are mostly stable. This is
essential for determining parental lineage data in
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any study of phylogenetic relationships. Molec-
ular marker technology based on SNPs and SSRs
is reversible, which limits their use for such
studies. Using various kind of technology using
TE information could be utilized in exploring the
phylogenetic relationships and biodiversity
studies in millets. Moreover, retrotransposon-
based markers also enable us to study the genetic
linkage mapping, high-density mapping in target
regions (Pearce et al. 2000).

3.8 Conclusions

As demonstrated above, the advent of next-
generation sequencing has been a boon to whole
genome sequencing and genome assembly anal-
ysis for their utilization in the genetic and epige-
netic improvement of crop plants. With the
availability of reference genome information,
various bioinformatic tools have allowed us to
understand the organization of TEs in the genome
and its architecture. Being one of the major com-
ponents of the plant genome, TE has an essential
role in functional genome diversity and also
impacts on phenotypic variations. The fractured
and jumping nature of TEs has contributed to the
heterochromatinization of the genome and evolu-
tion of linear chromosomes. The demonstration of
genome architecture with respect to TEs in the
genome could therefore provide the opportunity to
decipher the role of TEs and nearby gene expres-
sion for regulating and shaping the crop pheno-
typic diversity. Nowadays, foxtail millet and green
millet are being used as model crops for studying
the genetics and genomics of millets, cereals, and
bioenergy grasses. Hence, identifying TEs and
classifying and analyzing the organization, and
development of TE-based molecular markers in
foxtail millet would serve as an important resource
for millets, cereals, and bioenergy genomics.

Acknowledgements Studies on millet genomics in
Dr. Manoj Prasad’s laboratory are supported by the Sci-
ence and Engineering Research Board (SERB), Depart-
ment of Science and Technology (DST), Government of
India [Grant No. EMR/2015/000464], by the Department
of Biotechnology, Government of India [Grant

33

No. BT/HRD/NBA/37/01/2014], and by Core Grant of
National Institute of Plant Genome Research (NIPGR),
New Delhi, India. Dr. Chandra Bhan Yadav acknowl-
edges the award of Young Scientist Research Grant from
DST-SERB, Government of India [File No. YSS/
2015/000287].

References

Allen T, Koustenis A, Theodorou G, Somers DE,
Kay SA, Whitelam GC, Devlin PF (2006) Arabidopsis
FHY3 specifically gates phytochrome signaling to the
circadian clock. Plant Cell 18:2506

Bandyopadhyay T, Muthamilarasan M, Prasad M (2017)
Millets for Next Generation Climate-Smart
Agriculture. Front Plant Sci 8:1266

Bell AC, Felsenfeld G (2000) Methylation of a
CTCF-dependent boundary controls imprinted expres-
sion of the Igf2 gene. Nature 405:482-485

Bennetzen JE, Kellogg A (1997) Do plants have a one-way
ticket to genomic obesity? Plant Cell 9:1509-1514

Bennetzen JL, Schmutz J, Wang H, Percifield R,
Hawkins J, Pontaroli AC, Estep M, Feng L,
Vaughn JN, Grimwood J, Jenkins J, Barry K,
Lindquist E, Hellsten U, Deshpande S, Wang X,
Wu X, Mitros T, Triplett J, Yang X, Ye CY,
Mauro-Herrera M, Wang L, Li P, Sharma M,
Sharma R, Ronald PC, Panaud O, Kellogg EA,
Brutnell TP, Doust AN, Tuskan GA, Rokhsar D,
Devos KM (2012) Reference genome sequence of the
model plant Setaria. Nature Biotechnol 30:555-561

Brenchley R, Spannagl M, Pfeifer M, Barker GL, D’ Amore R,
Allen AM, McKenzie N, Kramer M, Kerhornou A,
Bolser D, Kay S, Waite D, Trick M, Bancroft I, Gu Y,
Huo N, Luo MC, Sehgal S, Gill B, Kianian S, Anderson O,
Kersey P, Dvorak J, McCombie WR, Hall A, Mayer KF,
Edwards KJ, Bevan MW, Hall N (2012) Analysis of the
bread wheat genome using whole-genome shotgun
sequencing. Nature 491:705-710

Chinnusamy V, Zhu JK (2009) Epigenetic regulation of
stress responses in plants. Curr Opin Plant Biol 12
(2):133-139

Chomet PS, Wessler S, Dellaporta SL (1987) Inactivation of
the maize transposable element Activator (Ac) is asso-
ciated with its DNA modification. EMBO J 6:295-302

Devos KM, Ma J, Pontaroli AC, Pratt LH, Bennetzen JL
(2005) Analysis and mapping of randomly chosen
bacterial artificial chromosome clones from hexaploid
bread wheat. Proc Natl Acad Sci USA 102:19243-19248

Duran-Figueroa N,  Vielle-Calzada JP  (2010)
ARGONAUTE9-dependent silencing of transposable
elements in pericentromeric regions of Arabidopsis.
Plant Signal Behav 5(11):1476-1479

Dwivedi S, Upadhyaya H, Senthilvel S, Hash C, Fuku-
naga K, Diao X, Santra D, Altensperger D, Prasad M
(2012) Millets: genetic and genomic resources. In:



34

Janick J (ed) Plant Breed Rev, vol 35. John Wiley &
Sons Inc, USA, pp 247-375

Echenique V, Stamova B, Wolters P, Lazo G, Carollo L,
Dubcovsky J (2002) Frequencies of Tyl-copia and
Ty3- gypsy retroelements within the Triticeae EST
databases. Theor Appl Genet 104:840-844

FAO (1995) Sorghum and millets in human nutrition.
FAO food and nutrition series No 27. Rome, Italy:
Food and Agriculture Organization, 184

Feng Q, Yang C, Lin X, Wang J, Ou X, Zhang C,
Chen Y, Liu B (2012) Salt and alkaline stress induced
transgenerational alteration in DNA methylation of
rice (Oryza sativa). AJCS 6(5):877-883

Feschotte C, Jiang N, Wessler SR (2002) Plant transpos-
able elements: where genetics meets genomics. Nat
Rev Genet 3:329-341

Flavell AJ, Knox MR, Pearce SR, Ellis TH (1998)
Retrotransposon-based  insertion  polymorphisms
(RBIP) for high throughput marker analysis. Plant J
16:643-650

Ghannoum O, Evans JR, von Caemmerer S (2011)
Nitrogen and water use efficiency in C4 plants. In:
Raghavendra AS, Sage RF (eds) C4 photosynthesis
and related CO2 concentrating mechanisms. Springer,
The Netherlands, pp 129-146

Gupta S, Kumari K, Das J, Lata C, Puranik S, Prasad M
(2011) Development and utilization of novel intron
length polymorphic markers in foxtail millet [Setaria
italica (L.) P. Beauv.]. Genome 54:586-602

Gupta S, Kumari K, Sahu PP, Vidapu S, Prasad M (2012)
Sequence based novel genomic microsatellite markers
for robust genotyping purposes in foxtail millet
[Setaria italica (L.) P. Beauv.]. Plant Cell Rep
31:323-337

Jia G, Huang X, Zhi H, Zhao Y, Zhao Q, Li W et al
(2013) A haplotype map of genomic variations and
genome-wide association studies of agronomic traits
in foxtail millet (Setaria italica). Nat Genet 45
(8):957-961

Kalendar R, Schulman AH (2006) IRAP and REMAP for
retrotransposon-based genotyping and fingerprinting.
Nat Protoc 1:2478-2484

Kocacinar F, Mckown AD, Sage TL, Sage RF (2008)
Photosynthetic pathway influences xylem structure
and function in Flaveria (Asteraceae). Plant, Cell
Environ 31:1363-1376

Kumar A, Bennetzen JL (1999) Plant retrotransposons.
Annu Rev Genet 33:479-532

Lippman Z, Martienssen R (2004) The role of RNA
interference in heterochromatic silencing. Nature 431
(7006):364-370

Lisch D (2009) Epigenetic regulation of transposable
elements in plants. Annu Rev Plant Biol 60:43

Lisch D, Bennetzen JL (2011) Transposable element
origins of epigenetic gene regulation. Curr Opin Plant
Biol 14:156

Long SP (1999) Environmental responses. In: Sage RF,
Monson RK (eds) C4 plant biology. Academic Press,
San Diego, pp 215-249

C.B. Yadav and M. Prasad

Luce AC, Sharma A, Mollere OS, Wolfgruber TK,
Nagaki K, Jiang J, Presting GG, Dawe RK (2006)
Precise centromere mapping using a combination of
repeat  junction markers and chromatin
immunoprecipitation-polymerase  chain  reaction.
Genetics 174:1057-1061

Macas J, Neumann P, Pozarkova D (2003) Zaba: a novel
miniature transposable element present in genomes of
legume plants. Mol Genet Genomics 269:624-631

Matsunaga W, Kobayashi A, Kato A, Ito H (2012) The
effects of heat induction and the siRNA biogenesis
pathway on the transgenerational transposition of
ONSEN, a copia-like retrotransposon in Arabidopsis
thaliana. Plant Cell Physiol 53:824-833

Meyers BC, Tingey SV, Morgante M (2001) Abundance,
distribution, and transcriptional activity of repetitive
elements in the maize genome. Genome Res 11:1660—
1676

Miura A, Yonebayashi S, Watanabe K, Toyama T,
Shimada H, Kakutani T (2001) Mobilization of
transposons by a mutation abolishing full DNA
methylation in Arabidopsis. Nature 411:212-214

Muthamilarasan M, Prasad M (2015) Advances in Setaria
genomics for genetic improvement of cereals and
bioenergy grasses. Theor Appl Genet 128:1-14

Muthamilarasan M, Venkata Suresh B, Pandey G,
Kumari K, Parida SK, Prasad M (2014) Development
of 5123 intron-length polymorphic markers for
large-scale genotyping applications in foxtail millet.
DNA Res 21:41-52

Muthamilarasan M, Dhaka A, Yadav R, Prasad M (2016)
Exploration of millet models for developing nutrient
rich graminaceous crops. Plant Sci 242:89-97

Olmedo-Monfil V, Duran-Figueroa N, Arteaga-Vazquez
M, Demesa-Arévalo E, Autran D, Grimanelli D,
Slotkin RK, Martienssen RA, Vielle-Calzada J-P
(2010) Control of female gamete formation by a small
RNA pathway in Arabidopsis. Nature 464:628—632

Pandey G, Misra G, Kumari K, Gupta S, Parida SK,
Chattopadhyay D, Prasad M (2013) Genome-wide
development and use of microsatellite markers for
large-scale genotyping applications in foxtail millet
[Setaria italica (L.)]. DNA Res 20:197-207

Paux E, Roger D, Badaeva E, Gay G, Bernard M,
Sourdille P, Feuillet C (2006) Characterizing the
composition and evolution of homoeologous genomes
in hexaploid wheat through BAC-end sequencing on
chromosome 3B. Plant J 48:463-474

Pearce SR et al (2000) Pea Tyl-copia group retrotrans-
posons: transpositional activity and use as markers to
study genetic diversity in Pisum. Mol Gen Genet
263:898-907

Peaston AE, Evsikov AV, Graber JH, de Vries WN,
Holbrook AE, Solter D, Knowles BB (2004) Retro-
transposons regulate host genes in mouse oocytes and
preimplantation embryos. Dev Cell 7:597-606

Qie L, Jia G, Zhang W, Schnable J, Shang Z, Li W et al
(2014) Mapping of quantitative trait locus (QTLs) that
contribute to germination and early seedling drought



3 Transposable Elements in Setaria Genomes

tolerance in the interspecific cross Setaria italic x
Setaria viridis. PLoS ONE 9(7):e101868

Rabinowicz PD, Schutz K, Dedhia N, Yordan C, Par-
nell LD, Stein L, McCombei WR, Martienssen RA
(1999) Differential methylation of genes and retro-
transposons facilitates shotgun sequencing of the
maize genome. Nat Genet 23:305-308

Sabot F, Simon D, Bernard M (2004) Plant transposable
elements, with an emphasis on grass species. Euphyt-
ica 139:227-247

Sage RF, Pearcy RW (2000) The physiological ecology of
C4 photosynthesis. In: Leegood RC, Sharkey TD, von
Caemmerer S (eds) Photosynthesis: physiology and
metabolism. Kluwer Academic, Dordrecht, The
Netherlands, pp 497-532

SanMiguel P, Tikhonov A, Jin Y-K, Motchoulskaia N,
Zakharov D, Melake-Berhan A, Springer PS,
Edwards KJ, Lee M, Avramova Z, Bennetzen JL
(1996) Nested retrotransposons in the intergenic
regions of the maize genome. Science 274:765-768

SanMiguel P, Gaut BS, Tikhonov A, Nakajima Y,
Bennetzen JL (1998) The paleontology of intergene
retrotransposons of maize. Nat Genet 20:43-45

Schulman AH, Flavell AJ, Ellis THN (2004) The
Application of LTR Retrotransposons as Molecular
Markers in Plants. Methods Mol Biol 859:115-153

Tang W et al (2012) Transposase-derived proteins
FHY3/FAR1 interact with PHYTOCHROME-
INTERACTING FACTORI to regulate chlorophyll

35

biosynthesis by modulating HEMBI1 during deetiola-
tion in Arabidopsis. Plant Cell 24:1984

The Arabidopsis Genome Initiative (2000) Analysis of
the genome sequence of the flowering plant
Arabidopsisthaliana. Nature 408:796-815

The Rice Chromosome 10 Sequencing Consortium (2003)
In-Depth view of structure, activity, and evolution of
rice chromosome 10. Science 300:1566—1569

Vicient CM (2010) Transcriptional activity of transpos-
able elements in maize. BMC Genom 11:601

Wang L, Heinlein M, Kunze R (1996) Methylation
pattern of activator (Ac) transposase binding sites in
maize endosperm. Cell 8:747-758

Wanjugi H, Coleman-Derr D, Huo N, Kianian SF,
Luo MC, Wu J, Anderson O, Gu YQ (2009) Rapid
development of PCR-based genome-specific repetitive
DNA junction markers in wheat. Genome 52:576-587

Yadav CB, Suresh BV, Muthamilarasan M, Pandey G,
Khan Y, Prasad M (2015) Genome-wide development
of transposable elements-based markers in foxtail
millet (Setaria italica L.) and construction of an
integrated database. DNA Res 22(1):79-90

Yoder JA, Walsh CP, Bestor TH (1997) Cytosine
methylation and the ecology of intragenomic parasites.
Trends Genet 13(8):335-340

Zilberman D, Coleman-Derr D, Ballinger T, Henikoff S
(2008) Histone H2A.Z and DNA methylation are
mutually antagonistic chromatin marks. Nature 456
(7218):125-129



Mehanathan Muthamilarasan and Manoj Prasad

Abstract

Foxtail millet is an excellent model crop for studying the biology of C4
photosynthesis, abiotic stress tolerance, and biofuel traits. In addition,
grains of foxtail millet are rich in proteins, micro- and macro-nutrients,
and other bioactive compounds. Being an old domesticated crop, foxtail
millet has contributed to the development of human civilization and is still
grown as a staple food, particularly in India and China. India is the largest
producer of millets. However, the breeding technology used for foxtail
millet is far behind that of major millets such as pearl millet and finger
millet, and major cereals such as rice and wheat. Development of genomic
resources is the first step toward improving the breeding strategies, which
subsequently lead to the development of elite cultivars with higher yield
and desirable agronomic traits. Much national and international effort has
been invested in this regard to develop genetic and genomic resources and
these have produced significant outcomes. In this context, the present
chapter enumerates the genetic and genomic resources available for foxtail
millet improvement. In particular, the chapter discusses the development
of novel molecular markers, their application in genomics-assisted
breeding, and the construction of integrated databases. In addition, the
genes and families identified in foxtail millet which have relevance to
growth, development, and stress response have also been summarized.

4.1 Introduction

Advances in next-generation sequencing technol-
ogy and the introduction of high-throughput gen-
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regions regulating phenotypic variations in a set of
germplasm (Brachi et al. 2011; Hamblin et al.
2011); whereas, genomic selection (GS) allows the
selection of superior genotypes based on genomic
estimated breeding values estimated from molec-
ular marker data (Lorenz et al. 2011; Kole et al.
2015). Being evolved from traditional biparental
quantitative trait locus (QTL) mapping and
marker-assisted selection, GWAS and GS
approaches possess broad-spectrum applications
including the potential to expedite genomics-
assisted breeding (GAB). Primarily, GAB relies
on the development of genetic and genomic
resources which are further deployed to generate
novel lines with improved agronomic traits.
Genetic resources denote the germplasm collection
which includes the existing diversity, base collec-
tion, core collection, core reference set, nucleus
sample, and panel. Genomic resources include the
molecular markers, genome and transcriptome
assemblies, genetic and physical maps, and QTLs
as well as candidate genes. GAB for crop
improvement has been successfully demonstrated
in several crops including legumes (Pazhamala
et al. 2015), fruit trees (Iwata et al. 2016), and
perennial crops (Migicovsky and Myles 2017).
However, in millets, the application of GAB is
limited. In a functional genomics perspective,
several genes and corresponding gene families
have been characterized in foxtail millet and,
interestingly, the number of gene families studied
for their relevance in the improvement of foxtail
millet is higher than other millets (Muthamilarasan
and Prasad 2015). The availability of draft genome
sequence data in the public database has facilitated
these studies at a genome-wide level, which has
identified several candidate genes involved in
abiotic stress response.

Millets are small-grained panicoid crops pos-
sessing C, photosynthetic traits and better
water-use  and  nitrogen-use  efficiencies
(Muthamilarasan et al. 2016a). Among millets,
foxtail millet (Setaria italica L.) is considered to
be the model crop for studying the systems biology
of other millets, biofuel crops, and cereals (Lata
et al. 2013; Muthamilarasan and Prasad 2015).
Being a C, crop, foxtail millet is naturally equip-
ped with better water-use and nitrogen-use
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efficiencies, anda few morpho-physiological
traits, including dense and deep root systems,
smaller leaf area, and thickening of cell walls, were
suggested to confer durable tolerance to
broad-spectrum abiotic stresses (Lata et al. 2013;
Diao et al. 2014). Furthermore, the seeds of foxtail
millet require only 26% of their seed weight in
water to germinate, whereas other cereals require a
minimum of 45% of their seed weight. Similarly,
foxtail millet requires only 257 g of water to pro-
duce 1 g dry biomass, which is the lowest among
cereals, as maize and wheat require 470 and 510 g,
respectively (Diao et al. 2014). This highlights the
climate resilient characteristics of foxtail millet.
Further studies on genetics and genomics of stress
biology have shown that the crop has novel as well
as known stress-responsive genes which partici-
pate in stress adaptation (Muthamilarasan and
Prasad 2015). Among abiotic stresses, drought and
salinity are the immediate impacts of climate
change, and in this scenario the global research
community is actively involved in understanding
the genetics and genomics of crops tolerant to
these stresses, with the aim of engineering these
traits in susceptible plants (Kole et al. 2015).

Foxtail millet is extensively cultivated in arid
and semi-arid regions of the world, with China
and India being the largest producers (Bandy-
opadhyay et al. 2017). However, its grain pro-
ductivity and yield potential are still low
compared to other major cereals. Because of the
lack of an efficient transformation system (dis-
cussed in Chap. 7), genetic improvement of
foxtail millet through transgene-based approa-
ches is not feasible, and therefore GAB appears
promising in establishing a modern breeding
forum for genomic designing of elite foxtail
millet cultivars. Toward achieving this, efforts
have been made to collect and conserve the
germplasm resources and to develop several
high-throughput, genome-wide molecular mark-
ers. Foxtail millet genomics has also seen the
development of several web-based databases to
bring the developed resources to the global
research community. Given this, the present
chapter summarizes the progress and prospects of
developing genetic and genomic resources for
the improvement of foxtail millet.
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4.2 Genetic Resources Available
for Crop Improvement

Germplasm collection is the foremost resource
for selection and breeding of elite lines with
improved agronomic traits. These germplasm
collections include the existing diversity, base
collection, core collection, core reference set,
nucleus sample, and panel. The core collection
includes the representative samples from existing
diversity and base collection, whereas the core
reference set indicates the preferred material for
multiple characterizations and data integration.
Similarly, nucleus sample indicates the germ-
plasm recommended for inclusion in any char-
acterization studies, whereas panel denotes the
germplasm material adapted to a particular
experiment with a specific purpose. In this con-
text, not many resources are available for all
these different experimental representative sets;
however, the International Crop Research Insti-
tute for the Semi-Arid Tropics (ICRISAT), India
is holding 1474 cultivated germplasm accessions
from 23 countries (Upadhyaya et al. 2008). From
this, a core collection of 155 accessions has been
obtained for application in association mapping
studies (Upadhyaya et al. 2008). Similarly,
National Institute of Plant Genome Research,
India possesses around 200 accessions collected
from diverse eco-geographical regions of the
world, and this association panel has proved to
be useful in GAB (Gupta et al. 2014). In addi-
tion, National Bureau of Plant Genetic Resources
(NBPGR), and All India Coordinated Small
Millets Improvement Project (AICSMIP), India,
possess hundreds of foxtail millet accessions, and
it should be noted that these institutes have
several other species of Setaria including S.
viridis, S. parviflora, S. sphacelata, S. verticil-
lata, S. sphacelata (subsp. anceps), S. neglecta,
S. lachnea, S. incrassate, S. australiensis, S.
chevalieri, and S. pumila (Saha et al. 2016).
Furthermore, several international organizations
also maintain the germplasm of foxtail millet.
These include Institute of Crop Sciences Germ-
plasm Resources (China), Plant Genetic
Resources Conservation Unit (USDA, USA), the
N. I. Vavilov Research Institute of Plant Industry

(Russia), Centre de coopération internationale en
recherche agronomique pour le développement
(France), National Institute of Agrobiological
Sciences (Japan), Kenya Agricultural Research
Institute (Kenya), and Institute of Biodiversity
Conservation, (Ethiopia). These collections assist
in establishing new collections such as a core
collection, core reference set, nucleus sample,
and panel for their further downstream utilization
in crop improvement.

4.3 Genomic Resources Developed
in Foxtail Millet

Foxtail millet has illustrated a leap in the devel-
opment of genomics after the release of genome
sequence information. In view of this, the fol-
lowing section provides an overview of foxtail
millet genome followed by the availability of
molecular markers and the details of genomic
regions governing agronomic traits.

4.3.1 Genome Sequence Information

The genome of foxtail millet has been sequenced
by Beijing Genome Initiative (BGI; Zhang et al.
2012), China and the United States Department
of Energy-Joint Genome Initiative (USDOE-
JGI), USA (Bennetzen et al. 2012). BGI has
sequenced the cultivar ‘Zhang gu’ using Illumina
second generation sequencers. The project gen-
erated 16,903 contigs and 439 scaffolds repre-
senting 423 Mb of the predicted genome size of
485 Mb. A photo-thermosensitive male-sterile
line ‘A2’ has also been sequenced, and the
alignment of the reads with cv. “Zhang gu’
generated millions of single nucleotide poly-
morphisms  (SNPs) and insertion-deletions
(InDels) which could be exploited as functional
markers (FMs). Using this information, a genetic
linkage map was constructed from an F, map-
ping population of ~500 accessions developed
from a cross made between ‘Zhang gu’ and ‘A2’
(Zhang et al. 2012). Similarly, the USDOE-JGI
sequenced an inbred line “Yugul’ along with a
wild (S. viridis, green foxtail) accession A10
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(Bennetzen et al. 2012). The sequencing was
performed using ABI3730x1 capillary sequencer
which generated ~400 Mb data. A recombinant
inbred line population consisting of 247 proge-
nies developed from a cross between foxtail
millet accession ‘B100° and green foxtail ‘A10’
was sequenced to construct a genetic map con-
sisting of 9 linkage groups using 992 SNPs
(Bennetzen et al. 2012). The release of genome
sequence information has expedited the structural
and functional genomics studies in foxtail mil-
let along with the development of genomic
resources for this important crop. In addition,
Zhang et al. (2012) have studied the organization
and evolution of C, pathway genes in foxtail
millet in comparison to C; grasses. The study
showed that the genes involved in C4 carbon
fixation pathways were also present in Cy plants,
and it was therefore inferred that the evolution of
the C4 pathway might have resulted from func-
tional changes in these genes. The study also
identified that the gene Fr_CAIl might play an
important role in the C4 pathway of foxtail millet
(Zhang et al. 2012). This suggests that foxtail
millet could be an emerging model for dissecting
C,4 genetics and physiology.

4.3.2 Molecular Markers Developed
in Foxtail Millet

Development of genomic resources including
large-scale, genome-wide molecular markers is
the first step toward improving the breeding
strategies, which subsequently lead to the devel-
opment of elite cultivars with desirable agro-
nomic traits. Molecular markers are DNA
fragments/sequences used to spot genetic poly-
morphism within a population or between indi-
viduals. The basis for polymorphism is base pair
deletion, substitution, addition, and variation in
sequence length. These markers are broadly
classified into genomic and genic markers, where
the latter are present within a gene and the former
is present in the regions other than a gene. The
genic markers are of more importance than the
genomic markers as they are developed directly
from the gene sequence, which could be in the
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form of bacterial artificial chromosomes, cDNA
libraries, ESTs (expressed sequence tags), and
transcriptome sequences (Varshney et al. 2007).
Based on the site of polymorphism and their
subsequent effect on phenotype, genic markers
are categorized into two types, namely
gene-targeted markers (GTM) and FMs (Ander-
sen and Lubberstedt 2003). GTMs are polymor-
phisms derived from the genes which do not have
any effect on phenotypic variation (Schmitt et al.
2006; Aggarwal et al. 2007), whereas FMs do
affect the phenotypic trait variation (Varshney
et al. 2007). For example, the candidate
gene-based molecular markers have their effect
on phenotype and based on their role in pheno-
typic variation; these markers are further classi-
fied into two sub-groups, namely indirect and
direct FMs (Varshney et al. 2007). A schematic
representation of the development of genic
markers is shown in Fig. 4.1. For this, the
sequence data of genes/ESTs are processed in two
different ways, namely direct mapping and in
silico mining. In direct mapping, the cDNA
clones of ESTs are used as restriction fragment
length polymorphism (RFLP) probes or primers
for sequence tagged sites or cleaved amplified
polymorphic  sequence-based markers are
designed for each EST. In the case of in silico
mining, software for identification of simple
sequence repeats (SSRs) and/or SNPs is used,
which also designs the primers flanking these
markers. However, for the development of FMs, a
set of functionally characterized genes, their allele
sequences, along with polymorphic, functional
motifs affecting the phenotype within these genes
and the association of the polymorphism with
trait variation are required (Varshney et al. 2007).

The first markers in foxtail millet were RFLP
markers reported by Wang et al. (1998). An
RFLP-based map consisting of 160 loci was
constructed in an intervarietal cross, and these
markers proved useful in constructing compara-
tive genetic maps between foxtail millet and rice
genomes (Devos et al. 1998). Following this, Jia
et al. (2007) developed 26 EST-derived SSRs
and the same group has constructed an
SSR-linkage map by integrating 81 SSR markers
[enriched for (GA)n and (CA)n] with 20 RFLP
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anchored markers (Jia et al. 2009). Later, Gupta
et al. (2011) developed 98 intron length poly-
morphic (ILP) markers by exploiting the EST
data of dehydration- and salinity-stressed sup-
pression subtractive hybridization libraries con-
structed by Lata et al. (2010), Puranik et al.
(2011a, b), respectively. Similarly, microsatellite
enriched libraries were constructed for the (CA),,
(AAC),, and (ATG), sequences (Gupta et al.
2012a, b) and (GA/CT), sequence to develop
172 and 78 markers, respectively (Gupta et al.
2013). However, the area of structural genomics

has shown a leap after the release of genome
sequence information (Fig. 4.2). There were
several genome-wide markers developed in
large-scale and their utility in genotyping pur-
poses was demonstrated (Table 4.1). The fol-
lowing sections elaborate the different markers
developed post-genome sequence era of foxtail
millet.

4.3.2.1 Genomic Microsatellite Markers
Next-generation sequencing technologies have
generated enormous datasets of genomic
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Table 4.1 Details of large-scale molecular markers developed in foxtail millet post-genome sequence release

Type of Number of Percentage Percentage Genetic Reference
marker markers polymorphism  cross-transferability | diversity

developed (%) range
SSR 21,294 ~40 ~89% Not analyzed  Pandey et al. (2013)
EST-SSR 534 ~60 ~88% 0.02-0.65 Kumari et al. (2013)
ILP 5123 ~45 ~85% 0.03-0.52 Muthamilarasan et al.

(2014a, b, ¢)

miRNA-based 176 ~53 ~T70% Not analyzed Yadav et al. (2014)
TE-based 20.278 ~40 Not analyzed 0.03-0.98 Yadav et al. (2015a, b)

sequences, thus providing an invaluable resource
for generation of microsatellite markers in a
number of plant species (Abdelkrim et al. 2009;
Castoe et al. 2010; Csencsics et al. 2010; Zhu
et al. 2012). The idea underlying this approach is
computational searching of microsatellite repeat
motifs from genomic sequence data using
bioinformatics  tools  such as  MISA
(MlIcroSAtellite), SSR finder, Sputnik, SSRIT
(SSR Identification Tool), SSR SEARCH and
TRF (Tandem Repeat Finder). Primers are
designed from the adjacent regions of repeats and
then developed as microsatellite markers. These
markers have wide applicability in studies related
to population genetics, conservation biology, and
evolutionary biology. Moreover, these markers
are known as genomic microsatellites. Genomic
microsatellites are  superior over  genic
microsatellites for fingerprinting or varietal
identification studies because they are more
polymorphic than EST-microsatellites (Kalia
et al. 2011).

The genome sequence of foxtail millet was
scanned to identify 28,342 microsatellite motifs
at an average density of 69 microsatellites/Mb of
genomic sequences (Pandey et al. 2013). Of
these, primer pairs were developed for 21,294
microsatellites and, among these, 15,573 were
successfully mapped on foxtail millet chromo-
The physical map thus constructed
showed a non-uniform distribution with maxi-
mum density on chromosome 9 (46.2/Mb) and
minimum on chromosome 8 (30/Mb). The aver-
age frequency of markers was highest for

Somes.

chromosome 9 (17.5%) and lowest for chromo-
some 8 (7.8%) with an average physical gap size
of ~24 kb between adjacent markers (Pandey
et al. 2013). Assessment of amplification poten-
tial revealed that the selected 159 markers
showed 100% amplification in S. italica cv.
Prasad. A total of 132 markers produced the
expected fragment size, and the remaining 27
markers showed deviation from the desired
amplicon size. Of 159 markers, 152 amplified
single alleles while the remaining 7 amplified
multiple alleles. Similarly, polymorphism assay
showed that ~19% of 159 markers produced
polymorphism between Prasad and Lepakshi, the
parental accession of an F, mapping population.
The polymorphic potential of developed markers
was also analyzed in 8 Setaria accessions (4
cultivated and 3 wild) and it revealed that 107
(67.2%) out of 159 showed polymorphism in
cultivated and wild accessions of foxtail millet
(Pandey et al. 2013). Furthermore, cross genera
transferability assay among millets, cereals, and
bioenergy grass species showed average trans-
ferability of 89% for these markers. The maxi-
mum transferability percentage was observed in
the case of guinea grass, that is, 98.2% and
minimum in wheat, that is, 71.2% (Pandey et al.
2013).

4.3.2.2 Genic Microsatellite Markers

Advances in sequencing technology and the
advent of next generation sequencing
(NGS) have resulted in several gene discovery
projects in plant species, which ultimately led to
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accumulation of the information in the public
domain. NCBI dbEST (https://www.ncbi.nlm.
nih.gov/genbank/dbest/dbest_access/), a division
of GenBank, serves as the single standalone
database for the ESTs (Boguski et al. 1993).
These ESTs are retrievable and searchable for the
presence of SSR motifs. These SSRs are called
EST-derived SSRs (eSSRs) or genic microsatel-
lites. Several bioinformatics tools are available
for searching the SSR motifs in ESTs, and for
designing primers flanking the SSRs. Popular
software includes MISA (MlcroSAtellite),
SSRfinder, Sputnik, SSRIT (SSR Identification
Tool), SSRSEARCH, and TRF (Tandem Repeat
Finder) (Kalia et al. 2011). The unrestricted
access to EST data in the public domain facili-
tates easy accessibility to these data and devel-
opment of eSSRs using the open-resource
software. The greatest advantage of genic SSRs
over genomic SSRs is that the former detect
sequence variations in the genes and therefore
enable a perfect marker-trait association. In
addition, these markers would have higher
transferability percentage across related genera
and species because of the conservedness of
genes among the genomes (Gupta and Varshney
2000). However, higher sequence conservation
in transcribed regions results in lower polymor-
phism of these eSSRs, which in turn affects the
efficacy of the markers in genetic diversity
analyses (Kalia et al. 2011). In foxtail millet,
66,027 ESTs reported in NCBI dbEST were
assembled to generate 24,828 unigenes, from
which 534 eSSRs were developed (Kumari et al.
2013). Furthermore, these markers were used for
constructing the physical map, and their utility
was demonstrated in gene mapping, germplasm
characterization, and analysis of genetic diversity
and genetic relationships (Kumari et al. 2013).

4.3.2.3 ILP Markers

During the course of evolution, introns were
under low purifying selection pressure, and
therefore they are less conserved but highly
variable (Badoni et al. 2016). These polymor-
phisms within the introns can be exploited to
develop markers, among which, ILP markers are
easily identifiable (Wang et al. 2005). The

introns encompassing sequence polymorphism
are detected, and primers are designed from the
flanking exons to enable amplification through
exon-primed intron-crossing PCR (EPIC-PCR;
Palumbi 1995). Because of the conserved nature
of exons, the primers designed from the exons
have more widespread applications than the pri-
mers designed from non-coding regions (Wang
et al. 2005). The first study on the development
of ILPs and their application in genotyping was
reported in rice by Wang et al. (2006), following
which the markers were developed in several
other crops, including Medicago (Choi et al.
2004), Brassica (Panjabi et al. 2008), wheat
(Zhou et al. 2010), soybean (Shu et al. 2010),
tomato (Wang et al. 2010), chickpea (Choudhary
et al. 2012), cowpea (Gupta et al. 2012a, b),
maize (He et al. 2015), and sorghum (Jaikishan
et al. 2015). In foxtail millet, Muthamilarasan
et al. (2014a, b, ¢) have exploited the EST
database to develop 5123 ILP markers. Further-
more, the group has demonstrated the applica-
bility of these markers in genetic diversity
analysis, construction of high-density genetic
linkage maps, comparative genome mapping,
evolutionary studies, mapping of genes/QTLs
regulating important agronomic traits, and
marker-assisted breeding (Muthamilarasan et al.
2014a; Muthamilarasan and Prasad 2015).

4.3.2.4 MicroRNA-Based Markers

MicroRNAs  (miRNAs) are ~18- to
24-nucleotide long non-coding RNAs (ribonu-
cleic acids), which regulate the gene expression
at transcriptional and post-transcriptional levels
by cleavage or translational inhibition of target
mRNA (reviewed in Muthamilarasan and Prasad
2013). The SSR signatures in these miRNAs
were identified to develop molecular markers,
and these markers proved successful in animal
systems (Grady and Tewari 2010; Fu et al. 2011).
The advantages of these markers, including high
reproducibility and high polymorphism, have
helped their development in plant systems. For
this, pre-miRNA sequences were searched
against the genome sequence of respective crops,
and 500 bp of flanking sequences were retrieved
from the genomic regions showing, perfect
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alignment (without mismatch on mature
sequences). The retrieved sequences (1000 bp
along with pre-miRNA sequence) were searched
for the presence of SSRs using in silico identi-
fication tools, and the primers were designed
flanking these SSRs (Mondal and Ganie 2014).
In an alternative method, pre-miRNA sequences
from the target species along with other related
species were retrieved (from the public domain,
such as miRBase). The sequences were then
aligned to identify the conserved regions, and
primers were designed for these conserved
regions corresponding to stem-loops  of
pre-miRNA sequences (Fu et al. 2013). Fu et al.
(2013) were the first to report miRNA-based
markers in Brassica species using method II.
They developed 46 miRNA-based markers, of
which 28% were polymorphic, and these markers
exhibited significant transferability across Bras-
sica species. Mondal and Ganie (2014) were the
first to demonstrate method I for developing
miRNA-based SSR markers in rice. The study
developed 12 markers, which were capable of
differentiating salt tolerant and susceptible
genotypes in rice. Similarly, the authors had also
performed a  genome-wide analysis  of
miRNA-based SSRs in rice to develop 129
markers (Ganie and Mondal 2015). In view of
this, Yadav et al. (2014) have analyzed the
genome-wide miRNAs reported in foxtail millet
and other related species to develop 176
miRNA-based markers. Further utility of these
markers in genotyping purposes demonstrated
that miRNA-based markers exhibit high poly-
morphism, efficiency, reproducibility, stability,
and cross-transferability (Yadav et al. 2014).

4.3.2.5 Transposable Elements-Based
Markers

A significant fraction (more than 50%) of plant
genome is constituted by transposable elements
(TEs), which are capable of changing their
position in the genome through transposition
(Grzebelus 2006). This phenomenon acted as a
major driving force during the course of genome
evolution. These TEs are classified into class I
and II, based on their mode of replication and
transposition. The genome-wide distribution of

M. Muthamilarasan and M. Prasad

TEs, along with the abundance, availability, and
variability of closely-related genomes, have
enabled the development of TE-based molecular
markers. Most of these markers utilize the
insertion sites of TEs, as TE insertion produces
unique junctions having boundaries between the
transposon and the DNA sequence at the site of
insertion (Bennetzen 2000; Kalendar et al. 2011).
Recently, the RJPrimers tool has been estab-
lished for developing TE junction-based markers
(You et al. 2010), which could be of five classes,
namely repeat junction markers (RJM; Wanjugi
et al. 2009), repeat junction-junction markers
(RJIIM; Luce et al. 2006), insertion-site-based
polymorphism (ISBP; Devos et al. 2005; Paux
et al. 2000), inter-retrotransposon amplified
polymorphism (IRAP; Kalendar and Schulman
2006), and retrotransposon-based insertion
polymorphism (RBIP; Flavell et al. 1998). In
view of this, the whole genome sequence data of
foxtail millet were comprehensively analyzed to
identify two types of TEs, namely, class I retro-
transposons (6314) and class Il DNA transposons
(24,392) (Yadav et al. 2015a). From 30,706
different TEs, 20,278 repeat junction-based
makers were developed, which fall into six
types, namely RBIP (4801; ~24%), IRAP
(3239; ~16%), RIM (4451; ~22%), RIIM
(329; ~2%), ISBP (7401; ~36%), and RMAP
(57; 0.2%). Using these TE-based markers, the
population structure of 99 foxtail millet acces-
sions was analyzed, which classified these
accessions into four groups (A-D). The acces-
sions were further categorized as pure and mixed
(admixture) ancestry. The Bayesian model-based
population structure corroborated well with NJ
tree (Yadav et al. 2015a).

4.3.3 Genes and Gene Families
Identified and Analyzed
for Trait Improvement

In foxtail millet, not much information is available
on the identification of QTLs governing agronomic
traits, although Gupta et al. (2014) used 50 SSR
markers to analyze the population structure of 184
diverse foxtail millet accessions collected from
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different eco-geographical regions representing 10
countries. Correlation among 20 agronomic traits
evaluated in 184 accessions (p < 0.05) revealed
wider phenotypic trait variations, which high-
lighted the suitability of these accessions to con-
stitute an association panel for mapping different
traits (Gupta et al. 2014). Association mapping of
20 yield-contributing agronomic traits identified 8
markers associated with 9 different agronomic traits
(p < 0.05), which contributes to 6-25% of the total
phenotypic variation (Gupta et al. 2014). Previ-
ously, Doust et al. (2004) identified the four QTLs,
each controlling basal branching (tillering) and
axillary branching in foxtail millet. Recently, Fang
et al. (2016) have constructed a high-density
genetic map using 1013 SSRs and identified 29
QTL for 11 agronomic traits. With the advent of
NGS, Zhang et al. (2017) have resequenced 439
recombinant  inbred lines to  develop
high-resolution bin map and high-density SNP
markers, and have mapped 59 QTLs for 14 agro-
nomic traits.

From a functional genomics perspective, sev-
eral important genes and their corresponding
families were analyzed using computational
approaches for elucidating their roles in growth,
development and stress response. However, the
quantum of research has been performed on clari-
fying therole of genes in molecular stress response.
Among the different stress-responsive transcrip-
tion factors (TFs), [NAM (no apical meristem),
ATAFI1 and —2, and CUC2 (cup-shaped cotyle-
don)] (NAC), and dehydration-responsive
element-binding (DREB) are well-studied in fox-
tail millet for their involvement in salinity and
dehydration stress, respectively (Lata et al. 2010;
Puranik et al. (2011a, b). In addition, Lata et al.
(2013) have identified an SNP linked to dehydra-
tion tolerance in the DREB?2 locus of foxtail millet,
which was used to develop allele-specific markers
useful for breeding purposes. Other than TFs,
stress-responsive genes, namely WD40 and
14-3-3, were characterized for their putative roles
in stress response (Mishraet al. 2012, 2014; Kumar
et al. 2015). Availability of genome sequence and
annotation data has facilitated identification of
gene families on a genome-wide scale and, in this
context, NAC was the first gene family studied

(Puranik etal. 2013). A total of 147 genes encoding
for NAC TFs were identified in foxtail millet, and
50 candidates were chosen for their expression
profiling in response to stress and hormone treat-
ments. The study identified SiNACI28 as the
potential candidate for further functional charac-
terization and stress-associated studies (Puranik
etal. 2013). Similarly, AP2/ERF, MYB, C,H, zinc
finger, and WRKY TFs were analyzed on a
genome-wide scale, and 171, 209, 124, and 110
genes were identified, respectively (Lata et al.
2014; Muthamilarasan et al. 2014b, ¢, 2015a).

The RNA silencing components, namely
Dicer-like (DCL), Argonaute, (AGO) and
RNA-dependent RNA polymerase (RDR) were
analyzed in foxtail millet genome to identify §, 19,
and 11 genes, respectively (Yadav et al. 2015b).
Among these, SiDCL06, SiAGOO0S8, and SiRDR0O7
were pinpointed as potential candidates for further
functional studies (Yadav et al. 2015b). In another
study, 13 gene families involved in secondary cell
wall biosynthesis, namely cellulose synthase,
cellulose synthase-like, glucan synthase-like,
phenylalanine ammonia lyase, trans-cinnamate
4-hydroxylase, 4-coumarate CoA ligase, hydrox-
ycinnamoyl CoA:shikimate/quinate hydroxycin-
namoyl transferase, p-coumaroyl shikimate 3'-
hydroxylase, caffeoyl CoA 3-O-methyltransfer-
ase, ferulate 5-hydroxylase, caffeic acid O-
methyltransferase, cinnamoyl CoA reductase, and
cinnamyl alcohol dehydrogenase were analyzed
and 14, 39, 12, 10, 3, 20, 2, 2, 6, 2, 4, 33, and 13
genes were identified, respectively (Muthamila-
rasan et al. 2015b; Muthamilarasan and Prasad
2017). Altogether, these studies have highlighted
the potential candidate genes which could play a
major role in molecular and physiological
response to different stresses.

ADP-ribosylation factors (ARFs) have been
reported to function in diverse physiological and
molecular activities. Recent evidence also
demonstrates the involvement of ARFs in con-
ferring tolerance to biotic and abiotic stresses in
plant species. In view of this, Muthamilarasan
et al. (2016b) studied the ARF proteins in Cs
model rice and C4 model foxtail millet. A total of
23 and 25 AREF proteins were identified in rice
and foxtail millet, respectively. These proteins
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are classified into four classes (I-IV) based on
phylogenetic analysis, with ARFs in classes I-III
and ARF-like proteins (ARLs) in class IV.
Sequence alignment and domain analysis
revealed the presence of conserved and addi-
tional motifs, which may contribute to neofunc-
tionalization and subfunctionalization of these
proteins. Promoter analysis showed the presence
of several cis-regulatory elements related to
stress and hormone response, indicating their role
in stress regulatory network. Expression analysis
of rice ARFs and ARLs in different tissues,
stresses, and abscisic acid treatments highlighted
temporal and spatial diversification of gene
expression. Five rice cultivars screened for allelic
variations in OsARF genes showed the presence
of allelic polymorphisms in a few gene loci.

M. Muthamilarasan and M. Prasad

Altogether, the study provided insight into the
characteristics of ARF/ARL genes in rice and
foxtail millet, which could be deployed for fur-
ther functional analysis to extrapolate their pre-
cise roles in abiotic stress responses.

4.4 Online Resources for Foxtail
Millet Genomics

With the advances made in genetics and genomics
of foxtail millet, several web-based databases have
also been constructed to cater for the developed
resources to the global research community
(Table 4.2). Phytozome is the first online portal
(https://phytozome.jgi.doe.gov/pz/portal.html) to
host the foxtail millet genome sequenced by JGI.

Table 4.2 List of webtools available for foxtail millet genomics research

Database

Phytozome v12

Gramene v3.0.1

PlantGDB

Foxtail millet database

Setaria italica
functional genomics
database

Foxtail millet marker
database

Foxtail millet miRNA
database

Foxtail millet
transcription factor
database

Foxtail millet
transposable
elements-based marker
database

URL

https://phytozome.jgi.doe.
gov/pz/portal.html#!info?
alias=Org_Sitalica

http://ensembl.gramene.
org/Setaria_italica/Info/
Index

http://www.plantgdb.org/
SiGDB/

http://foxtailmillet.
genomics.org.cn

http://structuralbiology.
cau.edu.cn/SIFGD/

http://www.nipgr.res.in/
foxtail.html

http://59.163.192.91/
FmMiRNADb/index.html

http://59.163.192.91/
FmTFDb/index.html

http://59.163.192.83/ltrdb/
index.html

Purpose Reference
Database for browsing the complete Goodstein
information about foxtail millet genome et al.
(Bennetzen et al. 2012) (2012)
Tello-Ruiz
et al.
(2016)
Duvick
et al.
(2008)
Database for browsing the complete Zhang
information about foxtail millet genome et al.
(Zhang et al. 2012) (2012)
Integrated database of genome, transcript and | You et al.
protein sequences, and miRNA-seq and (2015)
RNA-seq data from public data sources
Database of molecular markers developed and | Suresh
the database integrates physical and et al.
comparative maps (2013)
Database of complete miRNA data identified | Khan et al.
in foxtail millet along with physical map, (2014)
comparative maps, target analysis and
miRNA-based marker information
Genome-wide transcription factors identified | Bonthala
in foxtail millet along with physical map, et al.
tissue-specific expression data and their (2014)
functional annotation
Database of transposable elements Yadav
(TEs) identified in foxtail millet along with et al.
TE-based markers, physical map and other (2015a, b)

related information


https://phytozome.jgi.doe.gov/pz/portal.html
https://phytozome.jgi.doe.gov/pz/portal.html#!info%3falias%3dOrg_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info%3falias%3dOrg_Sitalica
https://phytozome.jgi.doe.gov/pz/portal.html#!info%3falias%3dOrg_Sitalica
http://ensembl.gramene.org/Setaria_italica/Info/Index
http://ensembl.gramene.org/Setaria_italica/Info/Index
http://ensembl.gramene.org/Setaria_italica/Info/Index
http://www.plantgdb.org/SiGDB/
http://www.plantgdb.org/SiGDB/
http://foxtailmillet.genomics.org.cn
http://foxtailmillet.genomics.org.cn
http://structuralbiology.cau.edu.cn/SIFGD/
http://structuralbiology.cau.edu.cn/SIFGD/
http://www.nipgr.res.in/foxtail.html
http://www.nipgr.res.in/foxtail.html
http://59.163.192.91/FmMiRNADb/index.html
http://59.163.192.91/FmMiRNADb/index.html
http://59.163.192.91/FmTFDb/index.html
http://59.163.192.91/FmTFDb/index.html
http://59.163.192.83/ltrdb/index.html
http://59.163.192.83/ltrdb/index.html
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The v2.2 of the genome consists of the main gen-
ome assembly (~405.7 Mb) arranged in 336
scaffolds, and ~400.9 Mb are arranged in 6791
contigs (~ 1.2% gap). Furthermore, 98.9% of the
sequence data is represented in the 9 pseudo-
molecules, and there were 34,584 loci containing
protein-coding transcripts and 43,001 protein-
coding transcripts (https://phytozome.jgi.doe.gov/
pz/portal.html#!info?alias=Org_Sitalica). ~ Simi-
larly, Gramene (http://www.gramene.org/) and
PlantGDB (http://www.plantgdb.org/SiGDB/)
host the foxtail millet genome. Several features
available within these databases including genome
browser, sequence assemblies, special datasets, and
other tools facilitate an unrestricted access to the
genome sequence information of foxtail millet. The
sequence data of Zhang et al. (2012) is available in
Foxtail millet Database (http:/foxtailmillet.
genomics.org.cn); however, the utility of this
database is limited because of the availability of
updated annotation made available by JGI. Fur-
thermore, application-specific databases, namely
Foxtail millet Marker Database (http://www.nipgr.
res.in/foxtail.html), Foxtail millet TF Database
(http://59.163.192.91/FmTFDb/index.html), Fox-
tail millet MiRNA Database (http://59.163.192.91/
FmMiRNADb/index.html), and Foxtail millet
TE-based Marker Database (http://59.163.192.83/
Itrdb/index.html), were developed at a later stage to
expedite crop improvement of underutilized mil-
lets, cereals, and biofuel grasses. These resources
are widely used by the researchers and breeders of
national and international institutes for structural
and functional genomic studies in millets. Being
novel resources, the data of markers, genes and
miRNAs developed in foxtail millet can certainly
assist in the development of resilient crops for
climate-smart agriculture.

4.5 Conclusions

India tops the list of global millet production
(11.165 million tonnes in 2014); however, pearl
millet and finger millet are the top two varieties
extensively cultivated in India (Bandyopadhyay
et al. 2017). Despite the prominent attributes

encompassed by foxtail millet, breeding tech-
nologies used in this crop are far less developed
than pearl millet and finger millet, and other
major cereals such as rice and wheat. In addition,
foxtail millet has received a very little research
attention worldwide, and less effort has been
invested in dissecting the genetic determinants of
the prominent traits, which are important for
improvement of this model species as well as
other millets, cereals, and biofuel crops. In this
context, the role of structural genomics is
inevitable as it focuses on the physical structure
of the genome, aiming to identify, locate, and
order the important traits encoded by the chro-
mosomes. DNA-based molecular markers play a
vital role in structural genomics as they are
imperative for various applications, such as the
investigation of genetic diversity and phyloge-
netic relationships, construction of high-density
genome maps, mapping of genes, comparative
genome mapping, and marker-assisted selection
for crop improvement. Development of genomic
resources, including large-scale, genome-wide
molecular markers, is the first step toward
improving the breeding strategies, which subse-
quently lead to the development of elite cultivars
with desirable agronomic traits. Among the dif-
ferent types of markers, genic markers, namely
EST-derived SSRs—EST-SSRs or eSSRs,
intron-length  polymorphisms  (ILPs), and
microRNA-based markers, are very useful in
understanding marker-trait associations and
genomics-assisted breeding for crop improve-
ment. In this context, several marker resources
have been developed in foxtail millet and were
made available to the global research community
through web-based databases. The applicability
of these markers in several genotyping purposes
including germplasm characterization, transfer-
ability, phylogenetics and comparative mapping
studies was also established. Altogether, devel-
opment of molecular markers on a large-scale
and demonstration of their utility in mapping
important agronomic traits, along with the
development of other genomic resources, would
be insightful in effecting a new era of foxtail
millet breeding.
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Abstract

Foxtail millet is a highly self-pollinated crop, and the small delicate
flowers make hybridization and crossing difficult. Progress in crop
improvement of foxtail millet has been achieved chiefly through pedigree
selection in many parts of the globe. China has been pioneering in
developing male sterile lines and yield gains through heterosis. Many male
sterile systems have been developed in China and are used for commercial
production. Methods of crossing through physical and chemical treatments
are in their infancy. In order to realize a yield benefit in this nutritionally
rich and highly climate-resilient crop, recombination breeding and hybrid
technology need to be developed.

5.1 Introduction

Foxtail millet is a diploid (2n = 18), C4 panicoid
crop. Cultivation of foxtail millet is now limited
to certain pockets, and in several areas it has been
replaced by other crops with irrigation. Its
superior nutritional quality coupled with its
low requirement for water, makes it a
climate-resilient crop suitable for cultivation
under dry land agricultural systems (Muthami-
larasan and Prasad 2015; Muthamilarasan et al.
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2016). It has a small genome, and its use as a
model crop for bioenergy has created a momen-
tum with more groups working than before
(Muthamilarasan and Prasad 2015). However,
unless yield gains are realized it is difficult for
farmers to afford to grow this crop. Yield gains
through heterosis and recombination have pro-
gressed in China much more than other parts of
the globe. In other parts of the world the crop
improvement in foxtail millet has been achieved
to a larger extent by selection and through
recombination breeding to a smaller extent.
Floral morphology and flowering behavior of this
crop make it difficult to take up crosses between
the desired parents. Thus, we have seen many
research publications to date on developing
methods for crossing in foxtail millet. In this
chapter we discuss the floral biology, crossing
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methods, and development of cytoplasmic male
sterile (CMY) lines.

5.2 Floral Biology

Floral morphology and anthesis behavior make
foxtail millet one of the most difficult species to
cross-pollinate (Baltensperger 1996). A floral
description of foxtail millet has been presented
by Gupta et al. (2011). It is mostly a
self-pollinated crop with cross-pollination aver-
aging about 1.4-4% (Li et al. 1935; Till-Bottraud
et al. 1992). The inflorescence of foxtail millet is
a terminal spike that consists of the main stalk
and short side branches (Fig. 5.1a). Branches

Fig. 5.1 Floral biology of
foxtail millet
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bear spikes and bristles (Fig. 5.1b, c). Bristles
generally terminate inflorescence axes and
appear paired with spikelets (Fig. 5.1d, e). There
are up to eight orders of branching in foxtail
millet, each branch initiating meristems which
differentiate into spikelets or bristles (Doust et al.
2005). Each spikelet contains two florets
embraced by a pair of glumes (Fig. 5.1f). The
lower floret is sterile whereas the upper one is
fertile or bisexual with three stamens and a long
oval, smooth ovary with two long styles that
terminate in a brush-like stigma (Fig. 5.1g)
(Hector 1936; Nirmalakumari and Vetriventhan
2010). The anthers are yellow or white in color.
Flowering in foxtail millet starts from the top of
the main spike and proceeds downward. It takes
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8-16 days for an ear head to complete flowering.
A single floret remains open for about 30 min,
and it takes around 80 min for complete
blooming to take place. The rates of both these
parameters are affected by temperature and
atmospheric humidity (Heh et al. 1937). During
pollination, stigmatic branches emerge first, fol-
lowed by the emergence of anthers through the
slit between palea. Once the anthers are fully
extruded outside the glumes, they shed pollen.
After dehiscence the glumes close, leaving the
shrivelled anthers and tips of stigmas outside.
Anthesis in foxtail millet takes place near mid-
night and between 8 and 10 a.m. A maximum
number of florets open on the 6th day of flow-
ering (Sundararaj and Thulasidas 1976). The
flowering pattern is influenced by temperature
and varies between crop seasons. We found that
crops sown in the post-rainy season (rabi) flower
till 9 am. in the cool winter days of December
and January. High pollen fertility was observed
during this period. This is best time for taking up
crosses in India at Hyderabad.

Green foxtail millet (Setaria viridis) is a close
relative of foxtail millet. It has a short life cycle,
small plant stature, and a high number of seed
set, and is a model species for the study of C4
plants. Studies have been extensively carried out
on understanding its floral biology in this spe-
cies. Using a time-lapse digital recording tech-
nique, Rizal et al. (2013) found that flowering in
Setaria was triggered by the darkness of the night
and a temperature lower than 35 °C. The anthesis
of all the spikelets in a panicle took up to three
nights flowering from 9:30 p.m. to 10:00 a.m.
Flowering started from the tip and proceeded to
the middle in the first night. Each spikelet was
found to have three phases of anthesis during
which pollination occurs. A spikelet generally
remained open for less than 3 h. The pollination
time for each spikelet was less than 60 min. All
spikelets on the cluster did not flower at the same
time. The anthers elongated taller than the
stigma, and after a rapid desiccation they col-
lapsed, mostly on the stigma. Once the spikelets
are closed, vestiges of the anthers and stigma
remain outside. The remains of the anthers which
turn from yellow to brown are a sign that the
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spikelets have opened and fertilized. Information
from studies on green foxtail millet would enable
the geneticists and plant breeders to develop
efficient crossing techniques in Setaria italica.

5.3 Crop Improvement

Wide genetic diversity is available in the germ-
plasm resources for agronomically important
traits, but has remained unexplored (Upadhyaya
et al. 2015). Hybridization and selection are pri-
mary means of availing genetic variability for
cultivar development in any crop species. A very
low degree of natural cross-pollination was
observed in foxtail millet. The International Crops
Research Institute for the Semi-Arid Tropics
genebank is presently holding 1,474 cultivated
germplasm accessions from 23 countries. To
facilitate the breeding efforts, a core collection
(10% of the entire collection) was characterized
using the taxonomic and qualitative traits. The
germplasm accessions were stratified into three
taxonomic races (Indica, Maxima, and Moharia)
(Upadhyaya et al. 2009). Vetriventhan (2011)
identified trait-specific accessions based on their
performance in three environments in foxtail
millet for economically important traits such as
yield and traits contributing to yield (15 accessions
for each trait) to be used in recombination breeding
to develop high-yielding cultivars. Population
diversity was analyzed using SSR (simple
sequence repeats) markers and was estimated to be
having low linkage disequilibrium (LD), sug-
gesting the possibility of high-resolution associa-
tion mapping (Wang et al. 2013; Jia et al. 2013;
Zhang et al. 2014). This produces ready-to-use
information for foxtail millet breeders.

Foxtail millet genotypes under cultivation in
India, USA, and many other places, barring
China, are mostly selections from landraces, and
efforts to avail recombination breeding and
hybrid programs are very few. Primarily it is
because of the difficulty in making crosses, the
florets are very small in size to handle, and
flowering takes place in the early hours of the
day, making it difficult to work. High heterosis
for grain yield and other important agronomic
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traits was observed in F;, and the genes con-
trolling grain yield, plant height, and spike length
are tightly linked (Siles et al. 2004). Based on the
high degree of heterosis observed in an F, gen-
eration, the authors suggested an alternative of
growing F, generations or other types of popu-
lations with a relatively high percentage of
heterozygous genotypes to provide significant
yield benefits over non-hybrid varieties. Radia-
tion and chemical-induced mutations have also
been used in foxtail millet breeding to create
novel types, such as dwarf lines. Single plants
were selected from landraces, improved varieties
of farmers, and the progeny were tested. Superior
progenies, mostly for earliness, pest and disease
resistance, and grain yield, were evaluated in
multi-location trials, and released as varieties.
Genetics of several agronomic characters has
been studied and consolidated for ready use in
plant breeding programs (Hariprasanna 2017).
Pure line selection has resulted in the develop-
ment and release of a maximum number of fox-
tail millet varieties in India. Hybridization-based
pedigree selection is the main breeding strategy
in China. Later, the introduction of male sterility
and heterosis contributed to the quantum jump in
the yields of foxtail millet in China.
Exploitation of heterosis in crops is the most
important means of crop improvement. Heterotic
vigor obtained from the cross-fertilization of
genetically different parental lines is one of the
most important means of improving yield
parameters and quality traits, in addition to
developing tolerance to stresses in crop plants.
Heterosis and hybrid vigor have been demon-
strated in China (Diao and Jia 2017). Siles et al.
(2004) reported a high level of heterosis for grain
yield among intervarietal crosses. The authors
suggested that the crosses between highly
heterozygous parents provide significant yield
gains. China has attained the yield gains through
commercial hybrids that were produced based on
the male sterile line. Male sterility such as
genetic, cytoplasmic, photosensitive or ther-
mosensitive can all be used to make crosses
between diverse parents and exploit the recom-
bination or heterosis. Male sterility can be used
for the production of commercial hybrids on a
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large scale and also to recombine diverse parents
for genetic gains. All the above types of male
sterile lines are generated and used in China, but
other parts of the world do not have them. Access
to these lines from one country to another is
difficult because of intellectual property rights on
material transfer. In India, the crop improvement
in foxtail millet was limited to pure-line selec-
tion, and efforts toward recombination breeding
are on increasing trend (Hariprasanna 2017). In
the USA the breeding program is limited and
most of the lines cultivated today are selections
from landraces rather than designed crosses
(Siles et al. 2001).

5.4 Crossing Methods

Genetic improvement in this crop suffers because
of the absence of an efficient crossing technique.
Taking up crosses in foxtail millet is difficult, and
hence not exploited to its full potential. Floral
morphology and anthesis behavior make foxtail
millet [S. italica (L.) Beauv.] one of the most
difficult species to cross-pollinate (Baltensperger
1996). The minuteness of the flowers, the deli-
cate and environment-dependent process of
anthesis, and timing of anthesis make
hybridization a tedious task in foxtail millet.
Siles et al. (2001) devised a crossing method in
which an average 75% seed set and more than
90% true hybrid seed was accomplished by
emasculating a high number of florets as opti-
mized on the second day, starting from the
opening of flowers. In some of the earliest
attempts to enhance the chances of natural
cross-pollination, panicles of selected plants were
enclosed in a parchment bag before flowering
(contact method) (Ayyangar 1934), resulting in a
low frequency (1.5%) of true hybrids (Mahishi
et al. 1982). The technique of controlled
hybridization with the removal of anthers and
artificial pollination, although very difficult
because of the small flower, started yielding
improved cultivars by the mid-1990s.

During emasculation, the bristles of the
female and the male parents are excised gently
with a pair of scissors. After the bristles are
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excised, emasculation has to be done when the
first anther had just emerged and before the
pollen sacs burst. Anthers are to be removed by
gently inserting forceps at each side of the palea
and pushing the anther out quickly. Each emas-
culated flower is then immediately marked with a
fine point black or blue permanent marker so that
emasculated flowers can be identified easily. The
male and the female spikelets are tied together or
enclosed in a bag. The bag has to be tapped in the
early hours of the day for 3 days more. Later the
male spikelet is removed, and the female is
bagged separately. It is critical to watch and
remove the anthers after emergence but before
the burst. Jiang et al. (2013) provided a video on
the methods of crossing S. viridis, which is very
useful for setting up a crossing program.
Artificial emasculation is done through a
spray or dip in hot water, cold water, and
chemical agents. Rizal et al. (2013) found that a
floral dip in hot water at 48 °C for 3—6 min was
useful to recover three to five outcross progeny
per panicle in S. viridis. Chemical spray with
500 uM maleic hydrazide was effective without
loss of stigma receptivity (Rizal et al. 2015). The
authors provided a detailed description of the
emasculation procedure, which can be readily
followed. In our study with S. italica we com-
pletely remove the bristles with scissors. Spike-
lets are removed carefully at random at the base,
leaving a few (can be 10-30) florets. Because of
this, all the intact spikelets are separated and
exposed. Top and bottom spikelets are also
removed in the panicle. Panicles for crossing are
covered by a small parchment cover, taking care
not to break them. We also observed that floral
dip gives better results than floral sprays. For
crossing, pollen from the male parent was
sprayed on the emasculated panicle for crossing
(Rizal et al. 2015). We bring the male and female
parents together, gently tie the emasculated
panicle and pollen shedding panicle with a thread
so that they are intact, and later cover them with a
paper bag. This ensures pollination if the flow-
ering takes place at odd hours. S. ifalica is the
cultivated crop species and has been improved
for grain and related traits. Hence it contains long
panicles with many secondary branches and
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more florets (Fig. 5.1b). Thus, emasculation in S.
italica is more complicated. Flowering time
varies with seasons between midnight in summer
and the early hours in winter. The crossing pro-
grams can be taken up on a large scale during the
winter months. Spray of SQI, a chemical
hybridization agent (CHA) at the early protogyny
stage at a concentration of 5 kg/ha was effective
in the induction of male sterility in the field
(Yu-Long et al. 2011; Zhang et al. 2017). This
can be used for hybrid seed production on a
commercial scale.

5.5 Male Sterility

China has been pioneering the development of
male sterile lines of foxtail millet. Utilization of
heterosis has gained momentum in China and
various male sterile lines have been identified
such as (1) genic highly male-sterility lines
(GMS) (Hu et al. 1986), (2) photo-(thermo-)
sensitive nuclear lines (PMS or TMS) (Cui et al.
1979; Wang et al. 1993, 2002; Zhao et al. 1996;
Hao et al. 2009), (3) cytoplasmic male sterility
(CMS) (Zhu et al. 1991), (4) cytoplasmic-nuclear
male sterile type (Zhi et al. 2007), and (5) partial
genetic male sterile line (PAGMS). Research
using heterosis for foxtail millet began in the
1960s with the development of male sterile lines
by various approaches (Diao and Jia 2017).
Production of foxtail millet in China has passed
through pedigree selection, development of male
sterile lines, and commercialization of hybrids
through the use of a partial male sterile line.
Many GMS lines were developed through
hybridization between landraces and crossing
foxtail millet with other Setaria species (Cui
et al. 1979; Zhu et al. 1991).

A GMS line, Ch78182, was derived from the
cross between Australian and Tulufan races and a
complete (100%) restorer line, 181-5 and was
identified for seed production (Hu et al. 1986).
Ch__ genotype is a dominant male sterile gene,
and fertility in restorer line is controlled by the
epistatic interaction of Ms__ and Rf__ genes.
Thus, the male sterility is suppressed completely
by the Rf__ gene. In the line Ch78182, sterility
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was found to be because of the lack of anther
dehiscence, though the pollen grain development
was complete. Thus, occasional fertility was
observed in this line and could not be used for
commercial seed production.

Photoperiod-sensitive male sterility (PMS) is
a useful genetic tool for the development of
two-line hybrids in self-pollinated crops. In this
system, the plant fertility/sterility is regulated by
the photoperiod, and the PMS gene(s) cause(s)
male sterility under long daylight (LD) or short
daylight (SD) conditions and results in fertility
under an SD or an LD condition. The first PMS
line was reported in foxtail millet in 1996, line
821 (Zhao et al. 1996). The PMS line is main-
tained and multiplied by self-pollination under
SD conditions, and hybrid F; seeds can be pro-
duced through outcrossing with restorer lines
under LD conditions. The PMS line had the
advantage of obtaining a high purity of F; seeds,
and line 821 had the disadvantage that it required
a critical photoperiod for hybrid production. This
lacuna was overcome by the development of a
PMS line, JG1S, which was completely sterile
under natural LD conditions and fertile under SD
conditions. The line was studied in depth and the
inheritance pattern analyzed a few years later
(Yuan et al. 2008). A PMS line, JG1S, was
identified that was completely sterile under long
daylight conditions (14.5 h/day) and partially
sterile under short daylight conditions (10 h/day)
(Yuan et al. 2008).

A highly nuclear-male-sterile line of foxtail
millet with the recessive nuclear sterile gene,
with 100% of the sterility percentage, and 95%
of the sterility degree rate was crossed with a
superior restorer line, and six varieties and a
series of variant generation materials with
favourable characters were bred from the cross
(Wang et al. 1993). A highly genic male sterile
line Gaol46A was identified by Wang et al.
(2013), which showed 95% sterile rate and was
not sensitive to light and temperature. F; gener-
ation was fertile, and the segregation ratio of
fertility to sterility was 3:1 in F, generation,
indicating that a single recessive gene controlled
the trait. Using F, population derived from the
cross Gaol46A/K103, one gene controlling the
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highly male sterility, tentatively named ms1, was
mapped on chromosome VI using SSR markers
(Wang et al. 2013). Heterosis has also been used
in developing hybrid cultivars. Zhangzagu5, a
hybrid cultivar, was released from Zhangjiakou
Academy of Agricultural Sciences, Hebei Pro-
vince, China, and yielded 12,159 kg/ha vs con-
ventional cultivars ranging from 4,500 to
6,000 kg/ha in 2007 (Liu et al. 2014).

CMS is maternally inherited and can be
transferred to different genetic backgrounds
through repeated backcrossing. Sterility of the
lines is maintained by crossing the MS line (A
line) to the complimentary fertile (B) line. Sui-
table restorer lines that restore 100% fertility and
show hybrid vigor are used as male parents for
commercial hybrid seed production. These CMS
lines are developed by different methods. One of
them is through spontaneous mutation and/or
interracial crosses between geographically distant
species. In foxtail millet CMS line derived thus
could not lead to true CMS, which was a dis-
couraging factor for commercial seed production.
By distant hybridization of Setaria verticillata
with foxtail millet, a CMS line was developed
(Zhu et al. 1991). However, it was not used for
hybrid seed production. A significant step in
heterosis breeding in foxtail millet was the
development of Suanxi 28, a partial male sterile
line developed from a spontaneous mutant from
the landrace Suanpibai, which led to a new
hybrid seed production system (Diao 2017). This
line was used for hybrid seed production and was
maintained through selfing (3—5% seed set).
Thus, a two-line system of hybrids was devel-
oped in China with the help of Suanxi 28.
Despite the development of several male sterile
lines, PAGMS is used successfully in hybrid
production (Diao and Jia 2017). New hybrid
cultivars developed through the two-line system
using PAGMS showed higher yields than con-
ventional varieties. This system prevailed in
China for hybrid seed production for many years,
even though other types of male sterile lines have
been explored and developed.

Interspecific crosses between foxtail millet
and green foxtail have resulted in 65-70%
sterility, which has been utilized for developing
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male sterile lines. However, most of the Chinese
spring foxtail millet male sterile lines were
derived from ‘Chang 10A’, whose cytoplasm was
contributed by ‘Qinyuanmujizui’ (Liu et al.
2014; Wang et al. 1998). The summer foxtail
millet male sterile lines were derived from
‘Huangmi 1A’ with the cytoplasm from
‘Dahuanggu’ (Liu et al. 1996, 2006). CMS is
inherited maternally, and hence all the hybrid
plants carry the same cytoplasm; it threatens the
vulnerability of all the female parental lines to
CMS-related diseases and disasters. The narrow
genetic base of CMS in China was confirmed
through analysis using mtDNA-specific primers
(Liu et al. 2014). Because of the maternal
inheritance of cytoplasm, using a single source of
cytoplasm in male sterile lines makes hybrid
cultivars  vulnerable to  infection by
cytoplasm-related diseases, leading to epidemics.
Thus, there is always interest in searching for
novel sources of male sterile lines.

5.6 Interspecific Crosses

The earliest efforts in wide hybridization were
successful with S. viridis and Setaria faberi (Li
et al. 1944). The wild green foxtail, S. viridis,
and the cultivated foxtail millet, S. italica, are
compatible for crossing at very low rates
(Till-Bottraud et al. 1992). A wild relative of
cultivated foxtail millet, S. viridis, is a source of
important traits. These two are compatible, and
the genetic background of cultivated line can be
easily restored in two backcrosses and the weedy
traits in the inter-specific cross derivatives can be
eliminated (Naciri et al. 1992; Zangre and Dar-
mency 1993). Darmency et al. (1987) could
obtain a twofold increase in seed weight in the F;
interspecific hybrid after colchicine-induced
tetraploidization of F;. Although the option is
promising, it has practical difficulties. From the
hybridization of S. italica with its wild relative S.
verticillata (a tetraploid), a CMS line was
developed (Zhu et al. 1991). Sterile F; plants
were backcrossed to S. ifalica in three back-
crosses. The Chinese CMS was derived with
great difficulty from repeated crosses with S.
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verticillata and hence named as VeCMS. Despite
the difficulties in crossing, primary trisomics of
foxtail were constituted by inducing autote-
traploids in tissue culture and crossing them to
the diploid parent (Wang et al. 1999).

5.7 Conclusion

Foxtail millet is nutritionally rich, and
entrepreneurship in the nutraceutical industry is
picking up globally because of its health benefits.
Consistent and constant supply of grain for var-
ious end uses in terms of quantity and quality is
the prerequisite to meet industrial demands, and
it can be met only through increasing yield.
Because heterosis, in terms of yield gain, is
promising, two areas need to be promoted:
(1) recombination breeding and release of high
yielding varieties and (2) hybrids for heterosis on
a commercial scale. This would contribute to the
nutritional security and health security of humans
and animals.
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Abstract

With the immense advancements in sequencing and data mining
approaches, identification of genome-wide genetic variants in a population
has become very popular. The use of these resources in the development
of a dense genetic map of genome variations and to identify associated
quantitative traits has become widespread in crop genetics. In recent years,
genome-wide association study (GWAS) has become a powerful tool in
revealing the relationship between natural variation of complex genotype
and genetic locus. A slight variation in the genetic architecture of an
individual in a population results in contrasting agronomic traits compared
to the other individuals. GWAS utilized high-throughput genotyping
platform and extensively phenotyping data to detect the links between
genetic variations that underlie variations in agronomic traits. These
studies can accelerate the use of genomic selection in marker-assisted
breeding for crop improvement. Here, a brief discussion of available
genomic resources and their utilization, quantitative trait loci (QTL) un-
derlying agronomic traits, GWAS in foxtail millet, and the prospects for

this field in crop designing is given.

6.1 Introduction

Genome-wide association study (GWAS) is a
term defined by identification of a whole
genome-wide set of genetic variants associated
with traits within a population.

advancements in next generation sequencing
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such as short sequence repeats (SSRs) and single
nucleotide polymorphisms (SNPs) has been
increased during the last decades that favored the
detection of polymorphisms within the segment
of the genome which is associated with the
specific trait (Muthamilarasan et al. 2014a; Bis-
carini et al. 2016). Thus, GWAS mainly focuses
on the association between SNPs (more preva-
lently) identified throughout the genome with the
phenotypes such as plant disease resistance,
abiotic stress tolerance, yield, plant architecture,
nutritional properties, metabolomics, life cycle
duration, etc. During the performance of GWAS,
the causal loci need to be identified and mapped,
and thereafter the responsible gene need to be
identified and characterized (Ogura and Busch
2015).

Foxtail millet [Setaria italica (L.) P. Beauv.],
considered as one of the oldest cultivated grain
crops, was domesticated more than 8,700 years
ago in northern China (Zohary and Hopf 2000).
It is an excellent drought-tolerant crop, requires
minimal water and warm weather for growth, and
is mostly cultivated in dry semi-arid areas of
Indian, China, the northern part of Africa, and
America. It is the second most important millet
crop after pearl millet in terms of global millet
production. Foxtail millet has become an excel-
lent model crop for the study of abiotic stress
tolerance mechanisms in C, plants, grass geno-
mics, and biomass production for biofuel crops
because of its small size and true diploid genome
(~515 Mb; 2n =2x=18), short life cycle
(~ 120 days), self-pollinating crop, large germ-
plasm collection, availability of reference gen-
ome sequences, and less repetitive DNA in
genome (Doust et al. 2009; Muthamilarasan and
Prasad 2015, 2017). Besides, foxtail millet is
closely related to many of the C, biofuel grasses
with complex genome architecture, such as
switchgrass (Panicum virgatum), napier grass
(Pennisetum purpureum), and pearl millet (Pen-
nisetum glaucum). Foxtail millet is nutritionally
rich compared to other cereal crops. Seeds of
foxtail millet contain higher proteins (14-16%),
crude fat (3—7%), dietary fibers (~8%), antiox-
idants, and minerals, have a low glycemic index
(GI), and higher value of resistant starch
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(Muthamilarasan et al. 2016a). Foxtail millet is
therefore a suitable diet for diabetic patients,
particularly those with type 2 diabetes (Thathola
et al. 2010; Itagi et al. 2012; Jali et al. 2012).
There is a large number of cultivars available
in foxtail millet with wide genetic diversities and
phenotype variations, such as plant height, time
of flowering, inflorescence trait, life cycle dura-
tions, yield, and grain phenology, and therefore
characterizing these genomic resources is a
necessity for the improvement of these cultivars
(Reddy et al. 2006). For further advanced
research, GWAS for agronomic traits has been
performed in foxtail millet (Jia et al. 2013). It is
also carried out in other grain crops such as rice
(Huang et al. 2010, 2012; Zhao et al. 2011),
maize (Kump et al. 2011; Tian et al. 2011; Li
et al. 2013), and sorghum (Morris et al. 2013).

6.2 Genomic Resources in Foxtail
Millet

6.2.1 Germplasm Collection

of Foxtail Millet

for Genetic Diversity

Study

With more than 46,000 cultivated and more than
900 wild accessions of foxtail millet, there is a
massive germplasm collection in gene banks
throughout the world (Lata et al. 2013). Core and
mini-core collections have been developed from
the available germplasm sets and have served as
genomic resources for genetic diversity study.
China has the largest collection of foxtail millet
germplasm from different countries, followed by
India, France, and Japan. A core collection of
155 and 184 foxtail millet accessions has been
reported at The International Crops Research
Institute for the Semi-Arid Tropics (ICRISAT)
gene bank (Upadhyaya et al. 2008) and National
Institute of Plant Genome Research (NIPGR)
(Gupta et al. 2014). All the available 155 ICRI-
SAT foxtail millet accessions (trait-specific
germplasm) have been evaluated for 21 charac-
ters at 5 diverse agro-ecological conditions and
this resulted in identification of accessions with
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superior agronomical (high grain yield, early
maturity, panicle size, shape, and seed phenol-
ogy) and nutritional traits (high seed protein,
iron, zinc, and calcium), which can be used in
breeding programs for crop improvement
(Upadhyaya et al. 2011). Similarly, the 184
accessions available in our laboratory at NIPGR
have also been evaluated and for population
structure determination, identification of acces-
sion with superior agronomical and nutritional
traits, molecular markers development, and allele
mining for essential abiotic stress-related, agro-
nomical and nutritional traits (Lata et al. 2011a,
b; Gupta et al. 2014). Genetic variability study
has been carried out with 741 germplasm
accessions by Nirmalakumari and Vetriventhan
(2010) to analyze the yield-contributing traits in
foxtail millet. Their study suggested that for
improved grain yield potential, more productive
tillers and tillers of medium length and medium
flowering duration should be taken. It is
very important for plant breeders to understand
the interactions among various traits themselves
and with the yield potential, which is of enor-
mous use in crop improvement by breeding
practice.

The accessions of foxtail millet germplasm
have been classified into three races on the basis
of inflorescence morphology, namely moharia,
maxima, and indica. Race moharia, predomi-
nantly found in Europe and southwestern Asia, is
characterized by cultivars with 5-52 culms, each
having numerous, small, more or less erect
inflorescences. Accessions in race maxima pre-
dominately occur in Transcaucasian Russia and
the Far East, and are characterized by plants with
mostly unbranched 1-8 culms with large
inflorescence. The cultivars in race indica are
cultivated mainly in southern Asia and possess
intermediated number of culms (average 6.6) and
inflorescence size between moharia and maxima.
The three races were further subdivided into ten
subraces, namely aristata, fusiformis, and glabra
grouped in moharia, compacta, spongiosa, and
assamense present in maxima, and erecta, gla-
bra, nana, and profusa in indica (Prasada Rao
et al. 1987).

6.2.2 Genome Sequence
and Sequence-Based
Phylogeny of Foxtail
Millet

With the recent improvements in genome
sequencing technologies, through the advance-
ment of high throughput NGS techniques, it has
become possible to sequence the whole genome
of a species within a short period, develop mil-
lions of molecular markers throughout the gen-
ome, and understand the genetic correlation and
complexity of the genome between different
species. All genes identification within a species
through bioinformatic analysis, its functional
annotation, and molecular markers associated
with the genes are pre-requisite for GWAS.
Foxtail millet genome sequence has been avail-
able from two different independent studies
(Bennetzen et al. 2012; Zhang et al. 2012) and
serves as a reference genome for genetic studies.
Foxtail millet possesses one of the smallest
genomes among the panicoid family, with a
genome size of ~515 Mb. Bennetzen et al.
(2012) have produced the whole genome
sequence of the Yugu 1 cultivar of foxtail millet
through Sanger ABI3730xl platform with ~ 12X
genomic coverage. The genomic assembly was
anchored to 992-locus genetic map and consisted
of a comparison between more than 1.3 million
reads of expressed sequence tags. Full genome
annotation revealed that ~40% genome of Yugu
1 cultivar consists of transposable elements,
among which the long terminal repeat retro-
transposons are predominant. A total of 24,000—
29,000 protein-encoding genes were predicted,
among which 10,590 were annotated as single
intron genes. In another similar study, Zhang
et al. (2012) used Zhang gu cultivar of foxtail
millet where whole genome shotgun combined
with NGS using Illumina GA II sequence plat-
form with the genome coverage of ~10x. The
final genome assembly represented 46% of the
transposable elements and annotated to a total of
38,801 protein-encoding genes, of which 81%
were estimated to be expressed according to the
data of mRNA sequencing.
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The phylogenetic relationship between grass
families has been demonstrated after comparing
the draft genome of foxtail millet to other
members of the grass family such as rice,
Brachypodium, maize, and sorghum. The genus
Setaria belongs to subfamily Panicoideae and
tribe Paniceae. Paniceae includes millets group,
and switchgrass is closely related to tribe
Andropogoneae, which consists of sorghum and
maize. Foxtail millet also utilizes
NADP-dependent malic enzyme subtype of C4
photosynthetic pathways such as in sorghum and
maize. Setaria and pearl millet share a common
ancestor from ~ 8.3 million years ago, and
Setaria and Panicum (switchgrass and proso
millet) from ~ 13.1 million years ago. Setaria
separated from sorghum and maize ~27 million
years ago. It was estimated that a whole genome
duplication event had occurred to all members of
the grass family ~ 70 million years ago, before
the separation of Setaria from maize and sor-
ghum. There is highly conserved collinearity
between genomic regions of foxtail millet and
rice (71.8%), maize (86.7%), Brachypodium
(61.5%), and sorghum (72.1%) that indicates a
close evolutionary relationship between these
grasses (Zhang et al. 2012).

6.3 Dissecting Genetic Diversity
and Allele Mining in Foxtail
Millet

On the basis of genetic diversity in the genome,
molecular markers have been developed, moni-
tored and analyzed between cultivars and across
generations. The association between a molecular
marker and inherited traits is used to associate the
genotype of an individual with its expressed
phenotype. The development of millions of novel
markers associated with the agronomic traits can
revolutionize plant breeding research (Edwards
and Batley 2010). With the recent advance in
NGS technology, the development of genomic
and transcriptomic resources is very rapid and
cost-effective, which can be used to develop
genome-wide molecular markers such as
microsatellites (SSRs) and SNPs. A genome-wide
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marker is often developed by comparing genome
sequences from whole genome re-sequencing
efforts where sequences from the genomes of
several accessions were aligned to generate larger
numbers of SSRs and SNPs for exploring genetic
diversity within species, generating haplotype
maps and executing GWAS (Kumpatla et al.
2012). In foxtail millet, initially, SSR markers
were used to identify the regions of the genome
associated with expressed phenotypic traits
(Gupta et al. 2014). However, the major limita-
tion of these studies was insufficient genome
coverage because of fewer available SSR mark-
ers. Currently, SNP markers have been widely
used in foxtail millets because of their larger
number of collections and the availability of
high-density genetic maps based on SNPs (Wang
et al. 2010).

Microsatellite markers (SSR) show polymor-
phisms in a number of their repeat units and are
highly significant in plant breeding because of
their multiallelic nature, co-dominant inheritance,
genome specificity, and genome-wide abundance
(Gupta and Varshney 2000; Ganal and Roder
2007). They play an important role in gene
tagging, identification, and validation of
trait-associated quantitative trait loci (QTLs),
physical mapping of genes and QTLs to chro-
mosomes, and genomic selections during
marker-assisted breeding (Singh et al. 2017). Jia
et al. (2009) have developed 81 SSR markers and
20 RFLP markers from the genomic DNA of two
mapping parents of F2 population, namely
‘B100’ of cultivated S. italica and ‘A10’ of its
wild ancestor S. viridis. All the markers were
mapped onto nine chromosomes of foxtail millet
with total map length of 1,654 cM (centiMor-
gan) with an average marker density of 16.4 cM.
In another study, a total of 174 highly poly-
morphic microsatellite markers were developed
from the foxtail millet cultivars, and showed high
levels of polymorphic potential (52%) and
cross-species transferability (~74%) in six dif-
ferent grass species, namely rice (Oryza sativa L.
‘IR64°), maize (Zea mays L. ‘B73’), wheat
(Triticum aestivum L. ‘PH132’), pearl millet
(Pennisetum glaucum L. ‘T1°), sorghum (Sor-
ghum bicolor L. Moench ‘BTX623’). and guinea



6 Genome-Wide Association Studies for Improving Agronomic ...

grass (Panicum maximum L. ‘SPM92’) (Gupta
et al. 2012). A total of 534 EST-derived SSR
markers have also been developed in foxtail
millet with a high percentage (an average of
~88%) of cross-genera amplification (Kumari
et al. 2013). In the same year a genome-wide
study was carried out, resulting in the identifi-
cation of 28,324 SSR motifs spanning 405.3 Mb
of the genome with an average of ~69 SSR
markers per Mb of foxtail millet genome (Pandey
et al. 2013). They have reported that the abun-
dance of trinucleotide repeats (48%) is higher
than dinucleotide repeats (46%) in foxtail millet
genome.

Because of the availability of reference gen-
ome, it is relatively easy to identify SNPs within
the plant species by re-sequencing and aligning
the genome sequence from an available cultivar
of the species. Therefore, currently, SNPs are the
most dominantly used molecular markers in plant
breeding and molecular genetics. Apart from the
identification of genome-wide SNPs within the
plant, the detection of gene-based SNPs or SNP
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within ESTs are significant for GWAS (Fig. 6.1).
SNPs are superior to SSRs by being more
abundant in the genome and ubiquitous in the
development of ultra-high throughput assays,
although less polymorphic than microsatellites
because of their bi-allelic nature. A total of 916
diverse varieties of foxtail millet have been
sequenced by Jia et al. (2013) to determine the
genetic variations within foxtail millet germ-
plasm, and resulted in the identification of
2.58 million SNPs, among which 0.8 million
common SNPs were used to construct a haplo-
type map of foxtail millet genome. Recently,
Upadhyaya et al. (2015) have identified 17,417
SNPS from the genomic sequencing of 181
foxtail millet accessions, which were used to
determine the genetic diversity of germplasm
accessions and study of foxtail millet population
genetics. The identified SNPs were distributed to
all nine chromosomes of foxtail millet, although
concentrated mainly along the subtelomeric
rather than the pericentromeric region. Most of
the SNPs were located in intergenic regions
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Fig. 6.1 A schematic representation of genome-wide
association study (GWAS) in foxtail millet. The genomic
sequence information of genetically diverse foxtail millet
accessions utilized for molecular markers development and
genotype calling. All accessions thoroughly phenotyped for

| Genome-wide association

!

Locus associated with
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agronomic traits and GWAS can be performed with the
molecular markers and phenotyping data. Locus associated
and candidate genes responsible for variation in traits can
be predicted through gene annotation, expression profiling
and genic variation identification
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(23%), followed by exonic regions (12%), and in
introns (4%). Genotype by sequencing
(GBS) and GWAS has also been performed in
this study, which is discussed in the succeeding
part of this chapter. One fine example of SNP
associated with a foxtail millet gene and con-
trolling agronomic trait has been characterized by
Lata et al. (2011a). A single synonymous SNP at
a 558th base pair (A/G transition) of SiDREB?2
gene has been identified, which is associated
with dehydration tolerance in a core set of 45
foxtail millet accessions (Lata et al. 2011a). An
allele-specific marker (ASM) for dehydration
tolerance has also been developed based on this
SNP, which has been validated further in a core
set of 170 accessions of foxtail millet (Lata and
Prasad 2012).

6.4 High Throughput Genotyping
for Validation of Molecular
Markers

Genotyping of each accession can determine
genomic diversity within germplasm. The geno-
type of an individual is the information of its
complete genetic architecture, defined by DNA
sequence information, allele and molecular mar-
ker patterns. The genotype of an individual
reflects in observable phenotype, through linkage
mapping or association mapping in a recombi-
nant population or natural population, respec-
tively. Before the growth of NGS technology,
polymerase chain reaction (PCR)-based molecu-
lar markers and allelic scoring on agarose gel
were the preferred genotyping approaches for
crop plants (Huang and Han 2014). With the
recent advances in NGS techniques, genotyping
has mainly been based on whole genome
re-sequencing and mapping of available SNPs
throughout the genome. Sequencing-based
genotyping has several advantages over
PCR-based genotyping, such as cost effective-
ness, less time consumption, and feasibility for
use with crops of large genome size and high
diversity. The greatest impact of high-throughput
genotyping is the use of these techniques to
identify genomic regions, QTLs, and causative

RK. Singh and M. Prasad

genes in non-model crops with heritable diversity
for important agronomic traits. There are a
number of high-throughput genotyping methods,

including microarray-based genotyping,
sequencing-based genotyping, GBS, exon
sequencing-based  genotyping, and RNA-

seq-based genotyping that are commonly used.
In the case of foxtail millet, sequence-based
genotyping (Jia et al. 2013) and GBS methods
(Upadhyaya et al. 2015) have been successfully
used. In the case of sequence-based genotyping,
whole-genome re-sequencing with low coverage
has been carried out for mapping population, and
genome-wide SNPs were identified to construct a
haplotype map of the genome (Jia et al. 2013).
Another approach is to construct GBS libraries
by digesting genomic DNA with restriction
enzymes and ligating the digested DNA frag-
ments to specific adaptors. This method is sim-
ple, cost-effective, less time consuming, highly
reproducible, and applicable to crop species of
large genome size (Xu et al. 2012). The method
uses methylation-sensitive restriction enzymes,
which results in avoidance of repetitive regions
of the genome and enhanced accessibility of
relatively lower copy regions flanking the par-
ticular restriction enzymes.

6.5 QTLs Associated
with Agronomic Traits
in Foxtail Millet

Advances in genomics technologies have led to
the development of dense genetic maps and
investigation into the relationship between link-
age groups (chromosomes), molecular markers,
genes, and marker-associated phenotypes. Link-
age analysis-based QTL mapping is the conven-
tional method for mapping QTLs regulating
agronomic traits, and involves segregating map-
ping populations such as double haploids (DHs),
F2 or recombinant inbred lines (RILs), polymor-
phic molecular markers, genetic map construction
through genotyping of segregating mapping
population with molecular markers, detailed
phenotyping for agronomically importance traits,
and mapping of QTLs utilizing both phenotyping
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and genotyping data (Mir et al. 2012). However,
this method is not considered so accurate for
mapping QTLs because of intrinsic limitations
associated with every mapping population,
including insufficient genome shuffling through
meiotic recombination results in occurrence of
identified QTLs to large genomic regions, limited
variations in phenotype for the traits within
mapping populations, and segregation of different
QTLs associated with the same phenotype within
different mapping populations (Myles et al. 2009).
In recent years, linkage disequilibrium (LD)-bases
association mapping is widely used as a method
for QTL mapping in crop plants. Association
mapping involves mapping populations consist-
ing of hundreds of F2s or RILs representing every
accession of germplasm to be precisely pheno-
typed and genotyped using thousands of
high-density molecular markers. Association
mapping populations experience a large number
of past recombination events resulting in high
segregation of blocks of molecular markers
associated with QTLs and enhanced QTL region
resolution. QTLs mapped through linkage
analysis-based mapping have low QTL region
resolution with an average interval of 10-20 cM.
Association mapping is an approach to detect a
significant relation between agronomic traits
associated with the gene(s), or molecular markers
which are at linkage disequilibrium (Kumpatla
et al. 2012). Agronomic traits and molecular
markers must be in linkage disequilibrium if their
association is true and they have been transferring
from generation to generation together. The
higher the value of linkage disequilibrium, the
greater the association between markers and QTL,
but the high linkage disequilibrium interferes with
the identification of genes regulating agronomic
traits. There are several studies that have been
reported as mapping QTLs controlling primary
agronomically important traits in major cereal
crops but only a limited study are available for
foxtail millet.

QTLs associated with vegetative branching
patterns have been identified and revealed that
basal branching (tiller branching) and axillary
branching are controlled by different loci in
foxtail millet (Doust et al. 2004). Four QTLs

(one each on linkage group I and V and two on
linkage group III) were found to associate with
basal branching, and four QTLs (single on each
linkage group VI and IX and double on linkage
group V) were identified for controlling axillary
branching. Several hormonal biosynthesis path-
way genes (auxin and gibberellic acid biosyn-
thesis pathway genes) and some transcriptional
regulator genes were found to be associated with
the QTLs controlling basal and axillary branch-
ing (Doust et al. 2004). Mauro-Herrera et al.
(2013) have utilized the SSR markers developed
by Jia et al. (2009), Wang et al. (2009), and
Gupta et al. () to identify the genetic loci regu-
lating flowering in S. italica and its wild ancestor
S. viridis. A total of 16 QTLs controlling
2012flowering time were identified and
co-localization of these QTLs during segregation
regulated differences in flowering time. A de-
tailed comparison of QTLs for flowering time in
Setaria, sorghum, and maize reveals that flow-
ering time variation in separate grass lineage
is regulated jointly by conserved and
lineage-specific genes. In another study, 18
QTLs were identified from an interspecific
mapping population generated by a cross
between S. italica cultivar “Yugul” X and S.
viridis accession “W53” (Qie et al. 2014).
Among 18 QTLs, 10 QTLs (3 on chromosome
number 1, 2 each on chromosome numbers 6, 7,
and 9, and 1 on chromosome number 5) were
involved in controlling drought tolerance among
the mapping populations. Three QTLs (one each
on chromosome numbers 3, 7, and 9) were
identified to regulate osmotic stress and five
QTLs (two on chromosome number 7 and one
each on chromosome numbers 5, 2, and 1) were
detected under normal control conditions. The
study suggested that the genotype of a wild
cultivar of foxtail millet (S. viridis) serves as a
reservoir for novel alleles associated with pro-
viding stress tolerance and could be utilized in
foxtail millet improvement through breeding.
Fang et al. (2016) have developed a total of
10,598 SSR markers of which 1,013 showed
high polymorphism in foxtail millet accessions.
Utilizing the genetic map constructed through
these markers, 29 QTLs were detected for 11
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agronomic and yield-related traits with 7.0—
14.3% of phenotypic variations. It was found that
the many QTLs associated with different phe-
notypes were co-located in the same intervals of
the genome. The QTLs identified as associated
with different agronomic traits could be used to
accelerate the foxtail millet breeding program
through marker-assisted selection.

6.6 Genes Associated
with Agronomic Traits in Foxtail
Millet

Being very tolerant to abiotic stress, most of the
studies in foxtail millet have been carried out on
gene families responsible for abiotic stress tol-
erance. A number of genes have been identified
and characterized for their role in deciphering
abiotic stress tolerance in this crop. In compar-
ison with drought and salinity stress, limited
studies have been reported for genes associated
with plant architecture (Doust and Kellogg 2006;
Preston and Kellog 2006; Liu et al. 2009; Luan
et al. 2010), nutritional values (Fukunaga et al.
2002), and herbicide resistance (Wang and Dar-
mency 1997) in foxtail millet. The first report on
identification of differentially expressed tran-
scripts through c-DNA array during salinity
stress has been produced by Sreenivasulu et al.
(2004). Salinity-induced phospholipid hydroper-
oxide glutathione peroxidase (PHGPX) gene has
been characterized and it has been suggested that
it plays an important role in conferring tolerance
to salinity-induced oxidative damage. Similarly,
Zhang et al. (2007a, b) have constructed the EST
library of dehydration stressed foxtail millet
cultivar MARS1 and identified 95 ESTs upreg-
ulated in roots and 57 in shoots. The differen-
tially expressed transcripts from roots were
different from the upregulated transcripts repor-
ted from the shoots, and most of the upregulated
genes were found to be associated with protein
degradation pathway. They have further charac-
terized a putative 12-oxophytodienoic acid
reductase 1 (SiORPI) gene which upregulated in
roots during osmotic stress and were unaffected
by ABA (abscisic acid), NaCl, and MeJA
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(methyl jasmonate) treatments and hence might
play a significant role in drought stress response
(Zhang et al. 2007a, b). Veeranagamallaiah et al.
(2007, 2009) has reported that, with the onset of
salinity stress, the concentration of molecules
such as proline and sorbitol increases in tolerant
cultivar of foxtail millet. The genes responsible
for the accumulation of proline and sorbitol,
namely glutamine synthetase and pyrroline-5-
carboxylate reductase for proline and aldose
reductase for sorbitol are highly upregulated in
tolerant cultivar of foxtail millet compared to the
susceptible one. Comparative transcriptome
analysis of foxtail millet during dehydration
stress has been performed by Lata et al. (2010),
resulting in the identification of 86 upregulated
genes among 327 unique ESTs through the
reverse northern method. The expression pattern
has been further validated by quantitative
real-time PCR which showed > 2.5-fold induc-
tion of genes after dehydration stress. A dehy-
dration responsive element-binding-type
(DREB2) protein was shown to be upregulated
up to 11-fold which was further cloned and
characterized for its role in dehydration stress in
foxtail millet (Lata et al. 2010, 2011a, b, 2013;
Lata and Prasad 2012). Li et al. (2014) have
characterized an ABA-responsive DREB-binding
protein (SiARDP) gene which shows high
upregulation during drought, salinity, and cold
stress as well as upon external ABA treatment to
foxtail millet seedling. The overexpression of
SIARDP in Arabidopsis enhances tolerance to
drought and salt stress during the germination
and seedling development stages (Li et al. 2014).
A membrane-bound NAC gene (SiNAC) has been
identified by Puranik et al. (2011a) from the SSH
library of foxtail millet constructed after com-
parison of the transcriptome of salinity tolerant
and susceptible cultivar. Cloning and molecular
characterization of the SiNAC gene revealed that
this particular gene has a DNA-binding site and
regulates the transcription of many stress-
responsive genes as well as many development
associated genes (Puranik et al. 2011b, c). The
role of the NAC gene family is not only restricted
to abiotic stress; it also plays an important role in
plant development, biotic stress, cell cycle
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control, secondary wall development, and
senescence (Puranik et al. 2013).

In another study, Mishra et al. (2014) identi-
fied a WD40 gene expressing differentially in
dehydration and salinity stress in foxtail millet.
Further characterization of the SiWD40 gene
showed that it acts as a scaffolding molecule in
diverse abiotic stress-induced protein-protein
interactions to meet their functions (Mishra
et al. 2012). The whole transcriptome of foxtail
millet has been analyzed by Qi et al. (2013)
through next generation deep sequencing tech-
niques and they identified 2,824 genes affected
by drought stress of which expression of 48.2%
was upregulated and 51.8% genes were down-
regulated. Late embryogenesis abundant protein,
heat shock proteins (HSPs), dehydrin, aquaporin,
and phosphatase 2C were predominant among
the upregulated genes, giving an indication of the
possible role of these genes in dehydration
response in crop plants. Singh et al. (2016) has
performed a genome-wide study of HSP genes in
foxtail millet and identified a total of 113 puta-
tive HSPs of which 37, 20, 27, 9, and 20 belongs
to sHSP, HSP60, HSP70, HSP90, and HSP100,
respectively, based on their molecular weight.
Apart from heat stress, many of the HSPs from
each class have shown differential expression
during salinity, dehydration and cold stress.
SisHSP27, a small molecular weight heat shock
protein, was identified as a potential candidate
gene which showed substantial higher expression
in heat stress and moderate upregulation in
salinity, dehydration, and low temperature in
tolerant cultivar. Functional characterization by
overexpression of SisHSP27 gene in Saccha-
romyces cerevisiae confers tolerance to heat,
salinity, and dehydration stress, and thus it can be
concluded that this SisHSP27 might play a sig-
nificant role in providing tolerance to abiotic
stress (Singh et al. 2016). Similarly, other gene
families such as ADP-ribosylation factors
(Muthamilarasan et al. 2016b), WRKY
(Muthamilarasan et al. 2015a), secondary cell
wall synthesis genes (Muthamilarasan et al.
2015b), MYB (Muthamilarasan et al. 2014b),
and C,H,-type of zinc finger transcription factors
(Muthamilarasan et al. 2014c) were also

characterized in foxtail millet. All the identified
and functionally characterized genes from foxtail
millet can be exploited as an important resource
for crop improvement using direct transfer to
foxtail millet by genetic transformation or by
plant breeding methods.

6.7 Conclusions and Future
Perspectives

Recent advances in genome sequencing tech-
nology, accessibility of high throughput geno-
typing platforms, and the capabilities of data
processing have led to widespread utilization of
GWAS to identify polymorphisms in DNA
sequences responsible for variation in agronomic
traits in genetically distinct mapping populations.
With the advent of densely distributed
genome-wide molecular markers as SSRs and
preferably SNPs typing, GWAS aids in the
identification of phenotypic trait-contributing
loci at high resolution and genes associated
with the expressed phenotypes. Mapping popu-
lations used for GWAS are of diverse genetic
backgrounds, representing each available acces-
sion or RILs with ancient recombination events
that has occurred in the genome to identify the
loci-controlling phenotype with high resolution.
The method of GWAS has been extensively used
during the last decade in human genetics, espe-
cially to identify genes associated with human
diseases. With the recent availability of devel-
oped genomic resources, GWAS has been suc-
cessfully carried on many crop species including
foxtail millet. For the first time, GWAS has been
performed on foxtail millet by Jia et al. (2013) in
which a total of 916 accessions, including both
modern cultivars and traditional landraces, were
finely genotyped through low-coverage (~ 0.7 x)
whole genome sequencing methods. Extensive
phenotyping of all the 916 accessions was per-
formed under 5 different environmental condi-
tions and 512 loci identified associated with 47
agronomic traits, including flowering time, plant
architecture, and grain yield. The genome-wide
LD decay rate in foxtail millet was ~ 100 kb on
average, which is similar to that of cultivated rice
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(Huang et al. 2010, 2012) and other self-
fertilizing species.

Recently, Upadhyaya et al. (2015) genotyped
a set of 190 foxtail millet germplasm accessions
through GBS, and GWAS for flowering time and
pigmentation has been performed. Genomic
regions and SNP loci associated with these traits
were identified and reported co-localization of
putative candidate genes with associated SNPs.
Taken together, the results from both the GWAS
studies in foxtail millet could be further utilized
to identify the genetic basis of plant architecture,
physiology, and yield in multiple environments
and applied in genetic improvement through
genomic selection during marker-assisted breed-
ing. The major advantage of GWAS is the use of
germplasm accessions with high levels of genetic
diversity which results in extensive phenotyping.
On the basis of present study, it seems that
GWAS is successfully achieving the goal of
associating genetic differences with correspond-
ing variations in phenotype in given populations.
The increase in the number of GWAS in crops
such as foxtail millet should result in the identi-
fication of single, well-annotated causative genes
and clarify the diversity of genome structure
associated with the individually agronomic trait
of interest.
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Kenji Fukunaga

Abstract

Studies on the genetic structure of foxtail millet landraces are reviewed.
Several genetic works based on intraspecific hybrid pollen semi-sterility,
isozymes, ribosomal DNA (rDNA) RFLP, nuclear RFLP, mitochondrial
DNA (mtDNA) RFLP, RAPD, AFLP, transposon display (TD) markers,
and single nucleotide polymorphisms (SNPs) were carried out to
investigate genetic structure of foxtail millet accessions mainly from
Eurasia. Most of the works suggested that China is the center of diversity
of foxtail millet and landraces were differentiated in local geographical

groups.

7.1 Hypotheses on Geographical

Origin of Foxtail Millet

Foxtail millet, Setaria italica (L.) P. Beauv. is
one of the oldest domesticated cereals in the Old
World. When Hunt et al. (2008) reviewed
archaeological sites in Eurasia, archaeological
remains of foxtail millet were found at the sites of
Peiligang and Cishan near the Yellow River,
dating back to ca. 5,000-6,000 B.C. (Li and Wu
1996) and in prehistoric sites in Europe.
Recently, more detailed studies on dispersal of
cultivated plants including foxtail millet were
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also carried out based on archaeological data
(Stevens et al. 2016). Foxtail millet has been
utilized in various ways peculiar to each area of
Eurasia (Sakamoto 1987), and it thought to have
played an important role in early agriculture in
the Old World.

Cytological studies indicated that the wild
ancestor of foxtail millet is green foxtail (S. italica
ssp. viridis = S. viridis) (Kihara and Kishimoto
1942; Li et al. 1945) and this hypothesis was also
supported by further genetic data such as iso-
zymes (Wang et al. 1995) and DNA markers (Le
Thierry d’Ennequin et al. 2000). However, the
geographical origin of domesticated foxtail millet
cannot be determined from the distribution of
ssp. viridis, as it is commonly found in various
areas in Europe and Asia and also currently in the
New World. The geographical origin of foxtail
millet is, therefore, still a controversial issue.
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Vavilov (1926) stated that the principal center of
diversity for foxtail millet is East Asia, including
China and Japan. Harlan (1975) suggested inde-
pendent domestication in China and Europe
based on archaeological evidence. The archaeo-
logical, isozyme, and morphological evidence (de
Wet et al. 1979; Jusuf and Pernes 1985; Li et al.
1995a, b) suggested that China is the center of
diversity and original home of foxtail millet, but
independent origin of this millet in other regions
cannot be excluded. Furthermore, Li et al.
(1995b) stated that landraces in Afghanistan and
Lebanon had been domesticated independently in
relatively recent times because they had primitive
morphological characters such as several tillers
with small panicles and looked similar to
ssp. viridis but with non-shattering large grains.
Recent archaeological 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 origins,
Sakamoto (1987) suggested that foxtail millet
originated somewhere 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 the genetic structure of foxtail
millet landraces from various parts of Europe and
Asia, mainly in DNA markers.

7.2 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 structure of foxtail millet from Europe and
Asia (and partly from Africa) such as biochemical
markers (isozymes and prolamin) and intraspeci-
fic hybrid pollen sterility before DNA markers
[nuclear RFLP, mitochondrial RFLP, RAPD,
AFLP and transposon display (TD) markers and
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single nucleotide polymorphisms (SNPs)]
became available [RFLP = restriction fragment
length polymorphism, RAPD = random ampli-
fied polymorphic DNA, AFLP = amplified frag-
ment length polymorphism]. Genetic studies on
biochemical markers and intraspecific hybrid
pollen sterility are discussed below.

7.2.1 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 different areas throughout
Eurasia by gel isoelectric focusing. On locus Est-
1, most of the accessions had Est-1 a, which was
widely distributed throughout Eurasia, and 9% of
accessions had Est-1 b, which was distributed in
China and Korea. On locus Est-2, most of the
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 Esz-2 ¢ allele, which was
found in Japan and China. They concluded that
the distribution of Est-2 a and Est-2 b might
indicate some degree of phylogenetic differenti-
ation between the Asian and the FEuropean
accessions and that Chinese accessions showed
polymorphism in both loci. 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 electrophoresis on five enzymes (10 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 pos-
sible that there were independent domestications
in both Europe and China because foxtail millet
and S. viridis accessions were more closely
related in isozyme alleles in Europe and China.

Nakayama et al. (1999) investigated allelic
variation at the two prolamin loci (Prol and Pro2),
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and their geographical distribution in 560 local
cultivars of foxtail millet collected mainly from
Eurasia and studied using SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). Two alleles
(Prola and Prolnull) at the Prol 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 Prol was
observed in geographical distribution. In contrast,
two common alleles at the Pro2 locus, Pro2b and
Pro2f, had clear differential geographical distri-
bution. The Pro2b allele was most frequent in
Europe and decreased in frequency going east-
ward. The Pro2f allele frequently occurred in
subtropical and tropical regions, including the
Nansei Islands of Japan, the Philippines, Nepal,
India, Pakistan, and Africa. All eight alleles at the
Prol and Pro2 loci occurred in China, suggesting
that China is a center of diversity. They also found
a “tropical group” characterized by the Pro2fallele
and other genes.

7.2.2 C(Classification by Means
of Intraspecific Hybrid
Pollen Sterility

Intraspecific hybrid pollen sterility can be a
genetic indicator of differences. In rice, classifi-
cation 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 3
tester strains from Japan (tester A), Lan Hsii
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 being classified as type AC or BC. The
accessions whose F1 hybrids always showed
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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 Hsii Island of
Taiwan, which was classified as type X in
Kawase and Sakamoto (1987), as tester D, and
crossed it with landraces and reclassified type X
in Kawase and Sakamoto (1987). Geographical
distribution of these different types is shown in
Table 7.1. Most type A accessions were dis-
tributed in East Asia, including Japan, Korea,
and China. Type B accessions were found to a
lesser extent in Taiwan and the southwestern part
of the Nansei Islands of Japan. Most European
accessions were found to be type C. Type D is
distributed in Lan Hsii Island of Taiwan and
Batan Islands of the Philippines. Accessions of
types AC and BC were distributed in Afghani-
stan and India, respectively. Kawase and Saka-
moto (1987) and Sakamoto (1987) concluded
that types AC and BC are thought to be less
specialized genetically than types A, B, or C, and
that the geographical distribution of these lan-
drace groups suggests that S. italica was first
domesticated in an area ranging from Afghani-
stan to India, and then dispersed both eastward
and westward from there.

In the late 1990s, DNA markers became
available for phylogenetic studies. Several stud-
ies using DNA markers such as ribosomal DNA
(rDNA: Fukunaga et al. 1997, 2005, 2006, 2011;
Eda et al. 2013), RFLP (Fukunaga et al. 2002),
AFLP (Le Thierry d’Ennequin et al. 2000), TD
(Hirano et al. 2011), and SNPs (Jia et al. 2013)
have been carried out to clarify the genetic
structure of foxtail millet.

7.2.2.1 Ribosomal DNA (rDNA)

Fukunaga et al. (1997) investigated RFLP and
the structure of ribosomal RNA genes (fDNA) in
117 landraces of foxtail millet. Five RFLP phe-
notypes were found when the genomic DNA was
digested with BamHI; these were named types
I-V. Of these, types I, II, and IIT 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
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Table 7.1 Studies on genetic structure of foxtail millet landraces and geographical groups and center of diversity

revealed by the studies

Genetic Geographical group Center References
markers/intraspecific of
hybrid pollen sterility diversity
Esterase isozymes East Asia versus Europe East Kawase and Sakamoto
Asia (1984)
Ten isozymes China-Korea-Japan, Okinawa (Nansei Islands of Jusuf and Pernes
Japan)-Taiwan, India-Kenya, Europe (1985)
Prolamine Europe, tropical groups China Nakayama et al. (1999)
Hybrid sterility China-Korea-Japan, Okinawa (Nansei Islands of Kawase and Sakamoto
Japan)-Taiwan, Lan-Hsu Island-Batan Islands India, (1987), Kawase and
Afghanistan, Europe Fukunaga (1999)
rDNA Okinawa (Nansei Islands of Japan)-Taiwan-the China Fukunaga et al. (1997,
Philippines, India, Afghanistan 2006), Eda et al. (2013)
Nuclear RFLP East Asia, Nansei Islands-Taiwan-the Philippines, China Fukunaga et al. (2002)
India, Afghanistan-Central Asia-Europe
mtDNA Not clear China Fukunaga and Kato
(2003)
RAPD Central Europe and two Asiatic groups (north and Schontz and Rether
south) (2000)
AFLP Not clear China Le Thierry d’Ennequin
et al. (2000)
TD East Asia, Nansei Islands-Taiwan-the Philippines, China Hirano et al. (2011)
India, Central Asia, Europe
SNPs North China-South China Jia et al. (2013)

mapping of the cloned rDNA and comparison
with RFLP phenotypes showed that the different
types originated from a polymorphism in length
within the intergenic spacer (IGS) and BamHI
site changes within the IGS. Schontz and Rether
(1998) also investigated tDNA in a world col-
lection (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 most western European acces-
sions have only the 7.6-kb repeat unit, and most
Asiatic lines have a 7.9-kb repeat unit, although
lines originating from the north or the south of
Asia showed different numbers of BamHI frag-
ments. These types correspond to types I-III in
Fukunaga et al. (1997). They concluded that the
fact that the difference between the Asiatic and
European pools 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. (1997) suggested that foxtail
millet landraces could be differentiated into two
main geographical groups, 7.6-kb repeat unit
(=type I) from the temperate region and 7.9-kb
repeat unit (=types II and III) from the
subtropical-tropical region, whereas Schontz and
Rether (1998) insisted that foxtail millet lan-
draces differentiate into 7.9-kb repeat unit from
Asia and 7.6-kb repeat unit from Europe. The
difference between the conclusions of these two
studies is because of the difference in the number
of Asian accessions used. Fukunaga et al. (2005)
also determined the sequence of ribosomal DNA
(rDNA) IGS of foxtail millet isolated in the
previous study and identified subrepeats in the
polymorphic region. Fukunaga et al. (2006)
sequenced ribosomal DNA IGS 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-1II found in the previous work and to elucidate
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relationships between these three types. Type I
was classified into seven subtypes designated as
Ta—Ig based on subrepeat sequences; C repeats
downstream of those subrepeats were also poly-
morphic. Type II was also highly polymorphic,
and four subtypes were found and designated as
subtypes Ila—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 Ile). Sequence polymorphism of
subrepeats of types I-III indicated that subrepeats
of subtype Ila are very divergent from the others.
Relationships between types I-III were much
more complicated than anticipated based on
previous RFLP work. Recently, the rDNA PCR-
RFLP of foxtail millet germplasm (480 acces-
sions) collected throughout Eurasia and from part
of Africa was investigated with 5 restriction
enzymes (Eda et al. 2013). Foxtail millet germ-
plasm was classified by length of the rDNA IGS
and RFLP, and clear geographical differentiation
was observed between East Asia, the Nansei
Islands of Japan-Taiwan-the Philippines area,
South Asia, and Afghanistan-Pakistan
(Table 7.1). 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.

7.2.2.2 RAPD Markers and AFLP
Schontz and Rether (1999) investigated RAPDs
in 37 accessions of cultivated Setaria italica,
representative of Eurasian accessions. By using
four 10-mer primers, they obtained 25 polymor-
phic bands and identified 33 different genotypes.
A factorial analysis of correspondence was per-
formed on the presence-absence data, and three
genetic groups were identified. 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) (Table 7.1).
Le Thierry d’Ennequin et al. (2000) investi-
gated AFLP markers to assess genetic diversity
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and patterns of geographic variation among 39
accessions of foxtail millet and 22 accessions of
its wild progenitor. A high level of polymor-
phism was observed. Dendrograms based on Nei
and Li distances from a neighbor-joining proce-
dure 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 consis-
tent with the hypothesis of a center of domesti-
cation in China (Table 7.1).

7.2.2.3 Nuclear Genomic
and Mitochondrial RFLP

Fukunaga et al. (2002) investigated 16 RFLP loci
in 62 landraces to study genetic differentiation in
foxtail millet. Among 52 bands, 47 were poly-
morphic among foxtail millet landraces. A den-
drogram based on RFLPs was divided into five
major clusters (clusters [-V). Clusters I and II
contained mainly accessions from East Asia.
Cluster III consisted of accessions from sub-
tropical 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. Clus-
ter 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 differ-
entiated genetically between different regions
and that Chinese landraces are highly variable
(Table 7.1).

Mitochondrial DNA (mtDNA) was character-
ized by RFLPs in 94 accessions (Fukunaga and
Kato 2003). Three RFLP patterns were observed
by using rice atp6 as a probe and were designated
as types I-1III. Differences between types I and II
seem to be attributed to recombination between
two atp6 genes. In East and Southeast Asia and
Afghanistan, both types I and II were found,
whereas type I was predominant in India, Central
Asia, and Europe. In China, type III was also
found. Chinese accessions showed higher gene
diversity than those from other regions
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(Table 7.1). This result supported the previous
studies on isozymes and nuclear RFLPs.

7.2.2.4 TD Markers

Hirano et al. (2011) investigated genetic structure
by TD using 425 accessions of foxtail millet and
12 of the wild ancestor, green foxtail. They used
three recently active transposons (7SI-1, TSI-7,
and TSI-10) as genome-wide markers and suc-
ceeded in demonstrating the geographical struc-
ture 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 (Table 7.1). Eleven
out of 12 green foxtail accessions were grouped
separately from the clusters of foxtail millet.
These results indicated strong regional differen-
tiations and a long history of cultivation in each
region. They also suggest a monophyletic origin
of foxtail millet domestication.

7.2.2.5 SNPs

Recently, a large-scale analysis of whole genome
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 US) was
carried out by Jia et al. (2013). They found that
the 916 varieties can be clearly classified into 2
divergent groups (spring-sown from type 1 with
292 varieties and summer-sown from type 2)
with 624 varieties, and there was a clear geo-
graphical distribution of these 2 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. As for accessions from other countries,
they found that varieties from the same geo-
graphical regions tended to belong to the same
clades in phylogenetic trees (Table 7.1). They
concluded that foxtail millet may have a single
origin of domestication but that a deep investi-
gation of the wild ancestor is needed. Their
results showing that foxtail millet accessions can
be divided into northern and southern groups
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may correspond with the distribution of rDNA
types I and II (Eda et al. 2013) 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 is also required.

7.3 Perspective

At the present time, foxtail is considered as a
model crop for abiotic stress tolerance studies,
biofuel traits, C, photosynthesis, and nutritional
biology (Bennetzen et al. (2012), Muthamila-
rasan and Prasad 2015; Muthamilarasan et al.
2016). Recent studies in phylogeny and associ-
ation mapping using next-generation sequencing
technology (Jia et al. 2013) have updated rela-
tionships in foxtail millet and revealed several
candidate genes involved in domestication and
diversification of landraces in foxtail millet.
Further phylogenetic analyses of foxtail millet
and its wild ancestor and further analyses of
genes involved in domestication should help to
clarify foxtail millet domestication and dispersal.
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Abstract

Foxtail millet is one of the most important C4 Panicoid crops known for its
small genome size (~490 Mb), short life cycle, inbreeding nature, and
remarkable abiotic stress tolerance properties. It is a widely-grown food
and fodder crop in the dry and semi-arid regions of Asia and Africa,
including North China and India. Setaria italica (cultivated) and Setaria
viridis (wild) are two widely known species of Seraria genus that serve as
excellent model systems for evolutionary, architectural, and physiological
studies in related potential bioenergy Panicoid grasses such as switch
grass, napier grass, and pearl millet. Foxtail millet is rich in genetic
diversity, with several core and mini core collections of its diverse
germplasm. There are significant phenotypic variations that provide scope
for association mapping and allele mining of new variants of abiotic stress
tolerance that could be effectively utilized for crop improvement. Several
of the foxtail millet accessions could also be abiotic stress tolerant
particularly to drought and salinity, and exploiting their agronomic and
stress tolerant traits could be particularly important for marker-assisted
selection and genetic engineering. Furthermore, with the release and
availability of the foxtail millet genome sequence, several of its distinctive
attributes, including abiotic stress tolerance, have been discovered that
may help in a better understanding of its evolution, stress physiology, and
adaptation. The foxtail millet genome sequence thus not only helps toward
identification and introgression of agronomically important traits but also
helps in deciphering the abiotic stress tolerance mechanisms of this
exceptionally stress tolerant crop and is also useful in developing climate
resilient crops which are very crucial in this era of global climate change.
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8.1 Introduction

Millets that represent small-grained cereal crops
are among the developing world’s major crops
grown for human consumption and livestock
feed, including pearl millet, foxtail millet, finger
millet, proso millet, little millet, kodo millet,
Japanese and Indian barnyard millet, teff, and
fonio. They have typically been originated,
domesticated, and cultivated in semi-arid and
tropical regions of Africa and Asia (Dvotakova
et al. 2015). However, they are also grown in
parts of America and FEurasia (Goron and
Raizada 2015). Millets also play a crucial role in
the economy of developing countries where a
large acreage of marginal land is used for culti-
vation. Notably, India contributes significantly to
global millet production with around 30% of
total world millet production obtained from 25%
of the total world area under millet production in
2013, indicating the importance of millets for the
resource poor and marginal farmers of the Indian
subcontinent (Tadele 2016). Millets distinctively
are well-adapted to adverse agro-ecological
conditions, are typically grown in marginal
soils with the least amounts of input yet still rich
in nutrients, and are a source of staple dietary
supplements for millions of inhabitants of these
regions. Interestingly, millets exhibit sufficient
variability among themselves, which is not only
exhibited in terms of morphology such as plant
stature, seed color and size, panicle size, etc. but
also demonstrated at the genetic level in terms of
chromosome number and ploidy level that ranges
from 2n=2x=14 in pearl millet to
2n = 6x = 54 in fonio (Tadele 2016). They have
been broadly grouped into two major subfami-
lies, namely Panicoideae that comprises pearl
millet, foxtail millet, proso millet, little millet,
and Japanese barnyard millet and Chloridoideae
that includes finger millet and teff, belonging to
eight genera, namely Pennisetum, Setaria,
Echinocloa, Elusine, Panicum, Paspalum, Era-
grostis, and Digitaria. Thus, agronomically the
Panicoideae subfamily is the most important
grass family as it includes not only the most
economically important C,4 cereal crop maize but
also sorghum and most of the small-grained
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millets. Sugarcane, a major biofuel crop and
Miscanthus and Panicum virgatum (switchgrass),
the emerging bioenergy feedstocks, also belong
to this subfamily (Li and Brutnell 2011). Both
Setaria italica (foxtail millet) and Setaria viridis
(green foxtail) are the closest relatives of the
important bioenergy feedstock, switch grass, and
thus are considered excellent models to study the
evolution, architecture, and physiology of
switchgrass and related C, Panicoid grasses (Lata
et al. 2013).

Foxtail millet is a self-pollinating, diploid
(2n = 2x = 18), C4 Panicoid small-grained millet
crop with a very small genome size (~515 Mb)
and short life cycle (Lata et al. 2013). It is one of
the world’s oldest cultivated grain crops,
domesticated ~ 8,000 years ago in Northern
China (Li and Wu 1996; Lata et al. 2013). It ranks
second in total global millet production and is
presently one of the minor food crops of dry
regions of Southern Europe and Asia, including
India and China, whereas in North America it is
primarily grown for silage, bird feed, and fodder
or cover crop (Goron and Raizada 2015). Foxtail
millet grains are nutritionally very rich, with
comparatively higher seed protein, crude fat, iron,
and mineral content as compared to staple cereal
crops such as rice and wheat (Zhang et al. 2007a;
Lata et al. 2013). Its grains are also high in fiber
content (Amadou et al. 2011) and its bran is
enriched with linoleic and oleic acids (Liang et al.
2010). Additionally, foxtail millet is widely
known for its exceptional drought tolerance and
high water use efficiency (WUE) (Li and Brutnell
2011; Lata et al. 2011a), and some of its cultivars
are also found to be salt tolerant (Jayaraman et al.
2008). Considering both its agronomic and eco-
nomic importance, several research groups across
the world have recently focused their attention on
the development of genetic and genomic resour-
ces for this crop as well as on understanding the
physiological and molecular basis of its excellent
abiotic stress tolerance characteristics. Much
work has now been done on exploring existing
germplasm resources for identification of newer
alleles and stress resistance traits, as well as
generation and utilization of genomic resources
for introgression of agronomically important
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traits and marker-assisted selection (MAS) for
crop improvement and cultivar development.
This chapter thus focuses on the recent progress
toward unravelling the genetic determinants of
abiotic stress tolerance in foxtail millet and their
exploitation in crop improvement programs for
developing varieties.

8.2 Phylogeny and Genomic
Relationship Among Setaria
Species

Setaria is a diverse genus with approximately
125 species reported to date with different phe-
notypic traits, life cycles, and ploidy levels (Lata
et al. 2013). Setaria species have been classified
into three gene pools based on genome organi-
zation. For example, S. ifalica (domesticated and
cultivated) and S. viridis (wild ancestor) which
are considered very important from genetic
studies perspective and represent the primary
gene pool have AA genome (Benabdelmouna
et al. 2001). S. italica was domesticated from S.
viridis around 8,000 years ago in Northern China
(Barton et al. 2009). S. faberi (giant foxtail or
nodding millet) and S. verticillata (bristly foxtail)
with AABB genome form the secondary gene
pool and are thought to originate from a cross
between S. viridis (AA) and S. adhaerens (bristly
grass; BB) (Benabdelmouna et al. 2001). The
remaining Setaria landraces such as grisebachii,
queenslandica, pumila, etc. constitute the tertiary
gene pool. Several phylogenetic and cytogenetic
studies suggested that S. viridis, S. adhaerens, S.
faberi, S. verticillata, and S. pumila are discrete
taxa (Benabdelmouna et al. 2001; Benabdel-
mouna and Darmency 2003; Layton and Kellogg
2014). S. pumila, whose genome organization is
not yet known, is confirmed to be unrelated
despite its widespread habitat similarity with
other Setaria species (Layton and Kellogg 2014).
The Setaria genus complexity has been reviewed
in detail by Lata et al. (2013). A detailed
understanding of the complex and intricate phy-
logenetic and genomic relationships among
Setaria species would be beneficial for identifi-
cation and selection of germplasm with desired
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traits, as well as for competent parent selection
and hybridization required for improved breeding
strategies.

8.3 Population Structure
and Genetic Diversity Among
Foxtail Millet Accessions

S. viridis has been projected as a Panicoid grass
model because of its distinctive attributes such as
small stature, diploidy, self-pollination, short
generation time, minimal growth requirements,
and excellent genetic transformation system that
make it an exceptional model for genetic and
evolutionary analyses. It also closely shares
several of its cell wall characteristics with Pani-
coid grasses as compared to rice (Brutnell et al.
2015). Efforts have therefore recently been made
to assess the genetic diversity of both wild and
domesticated forms of Setaria in natural popu-
lations (Wang et al. 2010; Huang et al. 2014;
Gupta et al. 2014). Various investigations on
Setaria population structure showed the exis-
tence of subpopulations associated with distinct
geographical locations (Brutnell et al. 2015). For
example, an earlier population genetic study of
168 S. viridis and S. italica accessions from
Eurasia and North America could not differenti-
ate between the accessions from these two geo-
graphical locations but could distinctly identify
southern and northern populations from central
North America (Wang et al. 1995). Another
genetic diversity study of a worldwide collection
of 200 S. viridis accessions  using
genotyping-by-sequencing) and S. ifalica gen-
ome as reference revealed two distinct groups of
S. viridis and a third group comprising the Chi-
nese S. viridis accessions that resembled S. ital-
ica-like accessions, and all three groups also
showed considerable admixture among them-
selves owing to rapid linkage disequilibrium
(LD) decay in the overall sample (Huang et al.
2014). Intriguingly, the study reported a very
strong correlation between genetic distance and
climate, and genetic distance and geography in
the North American S. viridis accessions, sug-
gesting a balance between genetic drift and gene
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flow and multiple introductions and/or local
adaptation to climate. A rapid decay in LD within
150 bp in wild green foxtail was also reported
earlier (Wang et al. 2010). The authors reported
that the level of LD in domesticated foxtail millet
extends up to 1 kb. The genetic diversity study
was carried out across 9 loci in 50 domesticated
and 34 wild foxtail millet accessions that sug-
gested a low level of genetic diversity in wild
foxtail and also that domestication bottleneck of
foxtail millet is more severe compared to maize
and somewhat less prominent compared to rice
(Wang et al. 2010). Another population structure
and relative kinship study involving 184 foxtail
millet accessions from diverse Indian geograph-
ical locations and 50 simple sequence repeat
(SSR) markers showed a significant association
(R* = 18%) between 8 SSR markers and 9
agronomic traits, including flag leaf width and
grain yield (Gupta et al. 2014).

8.4 Identification of Germplasm
with Stress Resistance Traits
8.4.1 Biotic Stress Resistance

Millet crops are usually infected by fungal dis-
eases and to a lesser extent by bacterial and viral
diseases (Dwivedi et al. 2012). Blast, downy
mildew, rust, and smut are the common fungal
diseases that infect foxtail millet. Recently a new
leaf and sheath brown spot fungus Bipolaris
australiensis has also been reported to infect this
crop (Mirzace et al. 2010). Bacterial blight
caused by Xanthomonas spp. is the most
important bacterial disease affecting foxtail mil-
let. This crop is also a carrier for both wheat curl
mite (Eriophyes tullipae Keifer), which is a car-
rier of wheat streak mosaic virus and the virus
itself (Baltensperger 2002). This viral disease,
however, does not impact the already adapted
foxtail millet cultivars, but they act as an
over-summering host and severely affect nearby
wheat fields. The effects of the above-mentioned
diseases range from mild symptoms to severe
infections, leading to devastations when large
swathes of land are affected. However, not much
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work has been done regarding disease manage-
ment in foxtail millet compared to pearl millet.

There has been a recent report where 17
foxtail millet germplasms were screened for leaf
blast and rust at Regional Agricultural Research
Station, Andhra Pradesh, India (Munirathnam
et al. 2015). The study suggested DHFtMV 2-5
to be moderately resistant to both leaf blast and
rust and it could be recommended for blast and
rust prone areas. In an earlier study a core col-
lection of 155 foxtail millet accessions were
screened for new and diverse sources of blast
resistance against Patancheru isolate (Fx 57) of
Magnaporthe grisea (Sharma et al. 2014). The
study reported two accessions, namely ISe 1181
and ISe 1547, to be free from head blast infection
as well as resistance to neck, leaf, and sheath
blast. On the other hand, ISe 1067 and ISe 1575
showed high levels of resistance to blast. How-
ever, in an earlier study, preliminary genetic
analysis of four Japanese fungus isolates from
foxtail millet suggested that blast resistance may
be controlled by more than two dominant genes
in this crop (Nakayama et al. 2005). Several
foxtail millet germplasms have been identified
and advanced lines for wheat streak mosaic
resistance with enlarged head size and improved
yield have also been developed (Siles et al.
2001).

8.4.2 Abiotic Stress Tolerance

Although foxtail millet is generally well-adapted
to various abiotic stresses including drought,
salinity, high temperature, and poor soil, even
then this crop is not totally immune to abiotic
stresses. Several of its varieties and accessions
are also prone to various abiotic stresses. For
example, foxtail millet being thinner stemmed is
badly affected by lodging (Dwivedi et al. 2012).
The worldwide foxtail millet accessions pre-
served in national and international genebanks
can serve as an excellent resource for identifi-
cation and exploitation of genetic variations for
abiotic stress tolerance through precise pheno-
typing that can ultimately be utilized for crop
improvement programs aimed at developing
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stress tolerant crops. In recent years foxtail millet
has garnered substantial attention from the
research community because of its projection as
an excellent model for studying architecture,
evolution, physiology, and stress tolerance attri-
butes (Lata et al. 2013). Considerable work has
been done toward germplasm identification and
understanding the genetic basis of abiotic stress
tolerance, particularly drought, salinity, lodging,
and water logging in foxtail millet. Some pro-
gress has been made toward understanding the
physiology of abiotic stress tolerance and the
genomic regions associated with drought stress
tolerance.

8.4.2.1 Drought

Foxtail millet is known to be an abiotic stress
tolerant crop, particularly to drought, and its
WUE is reported to be higher than that of maize,
wheat, and sorghum (Shantz and Piemeisel 1927;
He and Bonjean 2010). Its high WUE and short
life cycle make it an elite drought-tolerant crop
(Zhang et al. 2007b; Lata et al. 2011a). However,
it is most sensitive to drought at the inflorescence
and spikelet development stage (about 35—
50 days after sowing). About 17,799
drought-tolerant accessions (17,313 landraces
and 486 elite cultivars) of foxtail millet have been
divided into five major classes on the basis of
their survival capacity in different intensities of
drought stress (Li 1991, 1997). In China,
researchers had developed screening methods for
assessing drought tolerance capacity of foxtail
millet germplasms using polyethylene glycol
(PEG 6000) or mannitol and identified relative
water content and germination rate parameters as
indicators of drought stress tolerance (Wen et al.
2005). Foxtail millet genotypes have been
screened at the seedling stage for drought toler-
ance using 20% PEG (Zhang et al. 2005; Zhu
et al. 2008). Lata et al. (2011b) screened about
107 foxtail millet cultivars from different geo-
graphical locations for drought tolerance at the
seedling stage using 20% PEG, and two highly
tolerant (cv. IC-403579 and cv. Prasad) and two
highly sensitive (cv. IC-480117 and cv. Lepak-
shi) foxtail millet cultivars were identified. The
study also indicated lipid peroxidation as an
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important marker for drought stress tolerance at
the seedling stage in foxtail millet. The identified
dehydration-tolerant genotypes may be used for
crop improvement purposes (Lata et al. 2011b).
Many drought-inducible genes with various
functions have been identified on the basis of
genomic and molecular functions in foxtail millet
(Li et al. 2014; Lata et al. 2010, 2011a, 2014;
Muthamilarasan et al. 2014a, b).

8.4.2.2 Salinity

A limited number of reports have been available
on soil salinity response in foxtail millet, unlike
other cereals. The shoot Na* concentration could
be considered as a potential nondestructive
selection criterion for vegetative-stage screening
(Krishnamurthy et al. 2007). Zhi et al. (2004) has
screened 260 foxtail millet landraces and cultivars
using relative germination rate at 1.0 and 1.5%
NaCl concentration and the results showed a high
range of variations from O to 90% in different
cultivars and landraces (0—20% in 29 accessions,
21-50% in 45 accessions, 51-90% in 153
accessions, and over 90% in 33 accessions). On
salinity stress, genes of glutamine synthetase
(GS) and pyrroline-5-carboxylate (P5C) reduc-
tase were found to be up-regulated, resulting in
higher transcript levels of these two enzymes,
which play an important role in the biosynthesis
of proline, a molecule for osmotic regulation in
stressed plants (Huang et al. 2013). Sreenivasulu
et al. (1999) checked the peroxidase activity on
two cultivars of foxtail millet and categorized
them as salt tolerant (cv. Prasad) and salt sensitive
(cv. Lepakshi). Furthermore, Sreenivasulu et al.
(2004) identified 620 differentially expressed-
sequence-tags (ESTs) from cv. Prasad and cv.
Lepakshi, representing unigenes of a barley EST
collection using a 711-cDNA inserts macroarray
filter. Among these transcripts, hydrogen
peroxide-scavenging enzymes including phos-
pholipid hydroperoxide glutathione peroxidase
(PHGPX), ascorbate peroxidase (APX), and
catalase 1 (CAT1) as well as different oxidore-
ductase enzymes such as glutamine synthetase
and pyrroline-5-carboxylate (PSC) and some
genes of cellular metabolism were found to be
significantly up-regulated under high salinity
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stress in the tolerant cultivar compared to the
sensitive. The result showed significantly higher
proline content in seedlings of both the cultivars,
although the concentration of proline was found
to be more in the tolerant than in the sensitive
cultivar and also showed a positive correlation
with increased glutamine synthetase and P5C
reductase activities (Veeranagamallaiah et al.
2007).

To get a better perspective of the salinity stress
responses at the molecular level, the temporal
changes in total protein profile of cv. Prasad
seedlings were examined under different salt
stress conditions (Veeranagamallaiah et al. 2008)
which led to the identification of 29
differentially-expressed salt-responsive proteins
(both up- and down-regulated). Puranik et al.
(2011a) analyzed the biochemical responses of
21-day-old seedlings of foxtail millet at 250 mM
NaCl stress for 1-48 h for a better understanding
of salt stress response in these two cultivars. The
two cultivars showed differential salt stress
responses when analyzed for lipid peroxidation,
and different reactive oxygen scavenging
enzymes such as glutathione reductase and cata-
lase under short-term salinity stress. To under-
stand the molecular mechanisms in response to
short-term salinity stress, researchers constructed
two suppression subtractive hybridization cDNA
libraries (forward and reverse) leading to the
identification of a total of 249 non-redundant
ESTs which were grouped into 11 different cat-
egories. cDNA-macroarray analysis of these
clones revealed 159 to be differentially expressed
under salinity treatment with 115 up- and 44
down-regulated. These transcripts were reported
for the first time representing untapped gene
sources allowing specific responses to short-term
salt-stress in an orphan crop known to possess a
natural adaptation capacity to abiotic stress

8.4.2.3 Other Abiotic Stresses

Foxtail millet can also be tolerant to other abiotic
stresses such as low temperature, lodging, and
water logging. The northern limit of foxtail millet
cultivation in China was 50°N. However,
researchers in China have developed an extremely-
cold-tolerant foxtail millet cultivar Liggu No 26,
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which helped in extending its cultivation up to
385 km farther north to 54°N (Chen and Qi 1993;
Dwivedi et al. 2012). Foxtail millet production is
also reportedly being constrained by lodging,
resulting in substantial yield losses as well as poor
grain quality. According to Tian et al. (2010), a
lodging coefficient based on stem and root traits of
foxtail millet could be a fitting indicator for esti-
mating lodging resistance in field conditions. The
mechanical strength of the stem, heights and
weights of the above and underground plant tis-
sues were recommended as the major donors of
lodging coefficient across foxtail millet germplasm
(Tian et al. 2010; Dwivedi et al. 2012). In another
study, path analyses pointed out that breaking
strength of stem, associated with greater culm
diameter and culm wall thickness, is the most
crucial factor determining lodging coefficient (Tian
et al. 2015). Longgu 28 and Nenxian 13 are two
lodging resistant cultivars that have been devel-
oped in China (Dwivedi et al. 2012). Foxtail millet
production is also affected by water logging.
A waterlogging tolerant foxtail millet cv. Lugu
No.7 has been reportedly developed to combat this
constraint (Chen and Qi 1993). Considering the
above facts, it is apparent that discovery and uti-
lization of untapped novel variations and precise
phenotyping for abiotic stress tolerance are key to
improving adaptation to adverse environmental
conditions in foxtail millet. Furthermore, an
improved understanding of the physiological and
molecular mechanism(s) of abiotic stress tolerance
in foxtail millet can be effectively utilized for
developing more stress-tolerant cultivars.

8.5 Factors Responsible for Abiotic
Stress Tolerance in Foxtail
Millet

8.5.1 Transcription Factors

Plant responses under abiotic stress conditions are

a complex phenomenon that has various dynamic

responses manifested at physiological, biochem-

ical and molecular levels. Plants subjected to

stress environments perceive stress signals
through specific receptors and communicate via
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sophisticated signal transduction pathways,
resulting in activation of stress-inducible tran-
scription factors (TFs) and downstream stress-
responsive gene expression. TFs associated with
abiotic stress responses in foxtail millet are listed
in Table 8.1. To open the insights of dehydration
stress regulatory pathway in foxtail millet, a
comparative transcriptome analysis has been
carried in a drought-tolerant cultivar cv. Prasad
using a suppression subtractive hybridization
(SSH) technique. This study resulted in identifi-
cation of a novel stress- responsive TF SiDREB2
belonging to DREB (dehydration-responsive
element-binding proteins) sub-family (Lata et al.
2010). The transcript level of SiDREB2 was
found to be significantly up-regulated in tolerant
cultivar, suggesting this gene might play an
important role in stress-responsive mechanisms in
foxtail millet. DREB is an important subfamily
of AP2/ERF (APETALAZ2/ethylene-responsive
element-binding factor) TFs and participates in
the regulation of stress-responsive gene expres-
sion through abscisic acid (ABA)-independent
pathways (Lata and Prasad 2011).
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A novel SiDREB?2 has been cloned and char-
acterized from foxtail millet and used to develop
an allele-specific marker (ASM) for dehydration
tolerance (Lata et al. 2011a; Lata and Prasad
2013b, 2014). Furthermore, to understand the role
of AP2/ERF TFs in foxtail millet, a genome-wide
analysis has been carried out using in silico
approaches (Lata et al. 2014). A total of 171
AP2/ERF encoding genes in the S. italica genome
have been identified, of which 48 were DREB
TFs evaluated with the help of phylogenetic and
domain architecture analysis. NAC TFs are also
well-known for their regulatory role in biotic as
well as abiotic stress in many crop plants, and a
subtractive hybridization study in S. italica
showed significant up-regulation of SiNAC in
salinity stress libraries (Puranik et al. 2011a).
Puranik et al. (2011b) reported the cloning of
SiNAC, a novel membrane-associated NAC gene
that functions as an activator of transcription in
stress responses and also regulates plant devel-
opmental pathways. Puranik et al. (2013) also
carried out genome-wide identification and char-
acterization of NAC TFs in S. italica. Among the

Table 8.1 Details of important transcription factors linked with abiotic stress responses in foxtail millet

Transcription Numbers Stress response Functional References

factor identified characterization

SiDREB2 1 Dehydration, drought and salt = Yes Lata et al. (2011a)
response

SiNAC2 1 Dehydration, drought and salt = Yes Puranik et al. (2011b)
response

SiNAC 147 Drought and salt stress - Puranik et al. (2013)

SiAP2/ERF 171 Drought and salinity response | — Lata et al. (2014)

SiARDP 1 Drought Yes Li et al. (2014)

SiMYB 209 Abiotic stress and hormone - Muthamilarasan et al.
response (2014b)

SiC2H?2 124 Abiotic and hormone Muthamilarasan et al.
response (2014a)

SiWRKY 105 Dehydration, salt and - Muthamilarasan et al.
hormone stress (2015)

SYWRKY 44 Dehydration, salt and - Muthamilarasan et al.
hormone stress (2015)

SiNF-YAI and 01 Drought and salt stress Yes Feng et al. (2015)

SiNF-YBS8

SiASRI 01 Drought and oxidative stress = Yes Feng et al. (2016)

SiDof 35 Drought stress - Zhang et al. (2017)
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identified 147 SiNAC genes, 50 candidate genes
were selected for quantitative expression analysis
under various abiotic stress treatments. Results of
the above study suggested SiNACI28 as a
potential candidate gene for further in-depth
characterization (Puranik et al. 2013).

Zhang et al. (2012) and Bennetzen et al. (2012)
released a draft genome sequence of S. italica that
revealed various novel aspects of foxtail genome
and facilitated the identification and characteri-
zation of a few important stress-responsive TFs,
including MYB and C2H2, and miRNAs (Lata
and Prasad 2013a). These two (MYB and C2H2
proteins) TFs constitute the largest TF families in
plants, playing crucial roles in various develop-
mental and stress-responsive processes (Amba-
wat et al. 2013). To analyze their role in abiotic
stress response, a comprehensive genome-wide
study has been performed on foxtail millet
(Muthamilarasan et al. 2014a, b). A total of 209
and 124 gene family members of MYB and
C2H2, respectively, were identified. Furthermore,
on the basis of phylogenetic analysis, SiIMYB
proteins grouped into ten groups (I-X) and
SiC2H2 proteins into five groups (I-V). It has
also be found that SiMYB and SiC2H2 protein
sequences show significant similarity with their
orthologs in sorghum, maize, and rice that show
conservation in the overall protein structure of
these TFs (Muthamilarasan et al. 2014a, b).
Expression patterns of SiMYB and SiC2H2 can-
didate genes in response to abiotic stresses and
hormone treatments using qRT-PCR revealed
specific and/or overlapping expression patterns of
these genes. Out of analyzed expression profiles
of 11 candidate SiMYB genes, 3 (SiMYBI124,
SiMYB126, and SiMYB150) showed significant
up-regulation during drought stress.

In the case of SiC2H2, nine candidate genes
were selected for expression analysis under abi-
otic stress response that suggested late expression
of SiC2H2 031, whereas SiC2H2 78, SiC2H2 85,
and SiC2H?2 94 showed higher expression during
the early phase of drought stress. WRKY proteins
also play a significant role in signaling pathways
associated with different stress responses.
A genome-wide analysis of the WRKY TF family
in S. italica (SiWRKY) and S. viridis (SYWRKY)
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was conducted, leading to the identification of
105 SiWRKY and 44 SvyWRKY proteins, respec-
tively (Muthamilarasan et al. 2015). Sequence
alignment of these WRKY proteins classified
them into three major groups, namely groups I, 11,
and III. Most of the WRKY proteins fall into
group II (53 SiWRKY and 23 SyWRKY), followed
by group III (39 SiWRKY and 11 SyWRKY) and
group I (10 SiWRKY and 6 SYWRKY). Phylogeny
analysis further divided group II into five
sub-groups (Ila—e). Comparative mapping of
SiWRKY and SYWRKY genes among related Cy
Panicoid genomes demonstrated the orthologous
relationships between these genomes. Expression
profiling of candidate SiWRKY genes in response
to stress (dehydration and salinity) and hormone
treatments (ABA, salicylic acid, and methyl jas-
monate) suggested the putative involvement of
SiWRKY 066 and SiWRKY 082 in stress and
hormone signaling (Muthamilarasan et al. 2015).

In another study, six ABA stress ripening
(ASR) genes were identified from foxtail millet
(Feng et al. 2016). The proteins contain
ABA/WDS domain and are a class of
plant-specific TFs. Overexpression of SiASRI in
tobacco led to enhanced drought and oxidative
stress tolerance as well as altered expression
levels of NtSOD, NtAPX, NtCAT, NtRbohA, and
NtRbohB genes, suggesting its important role in
stress-related  signaling.  Furthermore, the
expression level of SiASR4, a target gene of
SiARDP, increased under drought and salt stress
in transgenic Arabidopsis and foxtail millet
plants (Li et al. 2017). The SiASR4 transgenic
plants showed enhanced transcription of
stress-responsive and reactive oxygen species
(ROS) scavenger-associated genes. Together,
these findings suggested that SiASR4 functions in
drought and salt stress environments and is reg-
ulated by SiARDP via an ABA-dependent path-
way (Li et al. 2017). Similarly, SiARDP an
ABA-responsive DRE-binding protein-coding
gene enhances drought and salt stress tolerance
in Arabidopsis and improves drought stress tol-
erance in transgenic foxtail millet (Li et al. 2014).
The gene was also found to be regulated by two
ABA-responsive element binding (AREB)-type
TFs, namely SiAREBI and SiAREB2, which were
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able to bind SiARDP both in vitro and in vivo
physically. Furthermore, in view of the role
of TFs in modulating stress-responsive gene
regulatory networks, an in silico study was
undertaken to identify and characterize total
TF-encoding genes in S. italica genome
(Bonthala et al. 2014). The study identified 2,297
putative TFs and categorized them in 55 families.
This information is available in the Foxtail millet
Transcription Factor Database (http://59.163.192.
91/FmTFDb/) in which complete details of the
TFs are compiled, including their sequences,
physical positions, tissue-specific gene expres-
sion data, gene ontologies, and phylogeny
(Bonthala et al. 2014). This database is useful in
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pinpointing candidate TFs for stress-related
studies and performing large-scale investigations.

8.5.2 Other Stress Responsive Genes

Other than TFs, several stress-responsive genes
have also been analyzed for their expression pro-
files and activities under various abiotic stresses in
foxtail millet (Table 8.2). Isolation and functional
characterization of osmotic stress-responsive genes
from foxtail millet could be an important measure
for deciphering abiotic stress tolerance mecha-
nisms. Sreenivasulu et al. (2004) examined the
expression profile of a phospholipid hydroperoxide

Table 8.2 Functional validation of important genes linked with abiotic stress response in foxtail millet

Gene Gene function Source | Plant/organism Type of tolerance | References
tested
SiOPR1 12-Oxophytodienoic acid | Foxtail | Foxtail millet Drought tolerance | Zhang et al.
reductase 1 millet (2007b)
Aldose Detoxify free toxic Foxtail | Foxtail millet Salt tolerance Veeranagamallaiah
reductase  aldehydes millet et al. (2009)
DNAj Chaperon protein Foxtail | Wheat Drought and heat | Wang et al. (2009)
millet tolerance
SiWD40 WD protein Foxtail | Foxtail millet Salt and Drought  Mishra et al. (2012)
millet tolerance
SiPLDal | Phospholipase D Foxtail | Arabidopsis Drought stress Peng et al. (2010)
millet Thaliana
SiIARDP  ABA-responsive Foxtail | Arabidopsis Salt and Drought | Li et al. (2014)
DRE-binding protein gene | millet Thaliana, Foxtail tolerance
millet
SiLEAI4 | LEA protein Foxtail | E. coli, Arabidopsis = Salt and Drought  Wang et al. (2014a)
millet Thaliana, Foxtail tolerance
millet
SiREM6  Encode remorin protein Foxtail | Arabidopsis Salt tolerance Yue et al. (2014)
millet Thaliana
SIALDH  Aldehyde dehydrogenase | Foxtail | Escherichia coli Salt tolerance Chen et al. (2014)
millet
SiLTP Lipid transfer protein Foxtail | Tobacco, Foxtail ABA, salinity and | Pan et al. (2016)
millet millet drought stress
tolerance
SisHSP- | Heat shock proteins Foxtail | Yeast Drought, heat, salt
27 millet and cold
SiASR4 Encode abscisic acid, Foxtail | Arabidopsis Salinity and Li et al. (2017)
stress-and ripening millet Thaliana, Foxtail drought tolerance

induced proteins

millet


http://59.163.192.91/FmTFDb/
http://59.163.192.91/FmTFDb/
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glutathione peroxidase gene PHGPX in the tolerant
foxtail millet cultivar Prasad and proposed its cru-
cial role in conferring salt stress tolerance and in
oxidative  stress-induced defense reactions.
A 12-oxophytodienoic acid reductase 1 gene
SiOPR1 was reported to be highly expressed in
foxtail millet roots under drought stress. However,
the gene was not found to be influenced by NaCl,
ABA, and methyl jasmonate treatments, indicating
its important role in drought stress tolerance (Zhang
et al. 2007c). The comparative expression profiles
of glutamine synthetase (GS) and pyrroline-5-
carboxylate (P5C) reductase under salinity stress in
a salt tolerant (cv. Prasad) and a salt sensitive
(cv. Lepakshi) foxtail millet cultivar indicated a
positive correlation with higher proline accumula-
tion (Veeranagamallaiah et al. 2007). An improved
aldose reductase activity with increasing salt stress
was also reported in these two foxtail millet culti-
vars (Veeranagamallaiah et al. 2009). Interestingly,
the increase in the enzyme activity was positively
correlated with accumulation of sorbitol, essential
for osmotic balance, and 4-hydroxynon-2-enal, a
major product of lipid peroxidation.

Zhao et al. (2009) reported improved alu-
minum stress tolerance in transgenic Arabidopsis
plants overexpressing Si69, a Wali7 homologue.
In another study, foxtail millet DNAj gene, asso-
ciated with drought and heat tolerance, was
introgressed into four wheat cultivars via the
pollen-tube pathway, paving the way for devel-
oping drought-tolerant wheat lines (Wang et al.
2009). Overexpression of a phospholipase D gene
SiPLDol in Arabidopsis remarkably enhanced
drought tolerance of transgenic plants (Peng et al.
2010). The Arabidopsis transgenic plants had
higher biomass, increased relative water content,
reduced electrolytic leakage, and higher survival
percentages, with no undesirable effect on their
growth and development compared to control
plants. Augmented expression levels of several
stress-related genes were also observed in the
358::SiPLDal transgenic Arabidopsis plants,
suggesting SiPLDol as a useful target gene for
improving drought stress tolerance (Peng et al.
2010). Mishra et al. (2012) reported a
nuclear-localized WD-repeat-containing protein
gene SiWD40 to be induced under various abiotic
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stresses such as dehydration, salt, cold, and ABA.
It was also suggested that an
AP2-domain-containing protein SiAP2 might
regulate the environmental stress-responsive
SiWDA40 expression. Recently, 11 plant-specific
remorin protein family genes were identified from
foxtail millet (Yue et al. 2014). The remorin
proteins have the ability to attach to the plasma
membrane (Jacinto et al. 1993). One of the
remorin family genes, SiREM6, was found to
improve high salt stress in transgenic Arabidopsis
at germination and early seedling growth stages.
Interestingly, the SiREM6 promoter contained
two DRE elements and one AREB element.
However, only a DRE-binding TF SiARDP could
physically bind to the DRE elements of the
SiREM6 promoter whereas SiAREBI could not
bind to the AREB-element, indicating SiREM6 to
be a target gene of SIARDP (Yue et al. 2014).

In a similar kind of study, researchers have
characterized a late embryogenesis abundant
(LEA) gene SiLEAI4 from foxtail millet (Wang
et al. 2014a). The LEA proteins are known to play
important roles in protecting plants from various
abiotic and biotic stresses. SiLEAI4 gene was
expressed in different developmental stages
including roots, stems, leaves, inflorescence, and
seeds. The gene was found to be highly induced
by salt stress and exogenous ABA application.
Overexpression of SiLEAI4 improved Escher-
ichia coli growth performance under salt stress as
compared to control. The Arabidopsis seedlings
overexpressing SiLEA14 exhibited enhanced salt
and osmotic stress tolerance in comparison to the
wild-type (WT) plants. The transgenic foxtail
millet seedlings also displayed better growth
under salt and drought stresses than the WT. The
results thus indicated SiLEAI4 to be a novel
atypical LEA protein that might play significant
roles in abiotic stress resistance of crop plants.
One of the studies highlighted the role of alde-
hyde dehydrogenases (ALDH) in various abiotic
stress responses such as osmotic stress, cold,
H>0,, and ABA in foxtail millet. ALDH genes
are known to detoxify ROS indirectly and help in
reducing lipid peroxidation mediated cellular
toxicity under various environmental stresses
(Chen et al. 2014). The genome-wide survey led
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to the identification of 20 SiALDH genes.
Expression analysis suggested organ- and
stress-specific expression of these genes in foxtail
millet, and the transformation of SIALDH2B2,
SIALDHI10A2, SiALDHS5F1, SIALDH22A1, and
SIALDH3E? genes in E. coli led to improved
tolerance to salt stress (Chen et al. 2014). A sim-
ilar investigation for identification and charac-
terization of cytokinin oxidase/dehydrogenase
(CKX) from foxtail millet was performed
(Wang et al. 2014b). The results indicated high
up-regulation of SiCKX genes under various
abiotic stresses, hinting at their possible role in
stress regulation.

Pan et al. (2016) isolated a non-specific lipid
transfer protein (LTP) coding gene SiLTP from
foxtail millet. The LTPs are low molecular weight
cysteine-rich soluble proteins with diverse roles
in different developmental stages as well as in
biotic and abiotic stress responses. The SiLTP-
overexpressing foxtail millet lines showed
improved tolerance to salt and drought stresses
whereas the SiLTP RNA interference (RNAI)-
based transgenic lines of foxtail millet were found
to be more sensitive to salt and drought stress
compared to control. Recently, genome-wide
investigation for various heat shock proteins
(HSPs) have also been performed in foxtail mil-
let, leading to the identification of 20, 9, 27, 20,
and 37 genes belonging to SiHSP100, SiHSP90,
SiHSP70, SiHSP60, and SisHSP families,
respectively (Singh et al. 2016). Expression pro-
filing indicated up-regulation of several HSPs in
the tolerant cultivar compared to the sensitive one
under dehydration, heat, salinity, and cold stres-
ses. Furthermore, overexpression of a small HSP
gene SisHSP-27 in yeast conferred tolerance to
various abiotic stresses.

Altogether, these studies have identified
potential candidate genes that could be effec-
tively utilized in crop improvement programs for
improving abiotic stress tolerance. However, the
lack of an efficient transformation system for
expressing the candidate genes in foxtail millet
remains a bottleneck in Setaria genomics, even
though these genes are reported to be effective in
enhancing stress tolerance of transgenic plants by
regulating the expression of broad-spectrum
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stress-related genes. As a consequence, the
detailed molecular, cellular, and physiological
mechanisms responsible for variation in toler-
ance to various abiotic stresses, including
drought tolerance among foxtail millet lines,
have not yet been fully elucidated.

8.5.3 Small RNAs

Small RNAs (sRNAs) are noncoding RNAs,
including miRNA, siRNA, snRNA, snoRNA,
etc. (Sunkar and Zhu 2004). Among them,
microRNAs (miRNAs) and endogenous small
interfering RNAs (siRNAs) represent two major
classes of small RNAs involved in gene regu-
lation. Both miRNAs and siRNAs act as mod-
ulators of gene  expression at the
post-transcriptional level and are key players in
stress response (Sunkar 2010). miRNAs regulate
the expression of the target transcripts/genes by
binding to reverse complementary sequences,
causing cleavage of the target RNA, whereas
siRNAs bind to the target sequence in a similar
manner and direct DNA methylation (Khraiwesh
et al. 2011). Several studies have been con-
ducted to date that elucidate the involvement of
miRNAs in various abiotic and biotic 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),
UV-B radiation (Zhou et al. 2007), mechanical
stress (Lu et al. 2005), and bacterial infection
(Navarro et al. 2006) in various model plants.
With the advancement in high-throughput
sequencing and small RNA profiling tech-
niques, along with the availability of advanced
data analysis tools and software, the sequencing
of a large number of small RNA libraries
simultaneously and identification of
stress-responsive miRNAs with precision have
become faster and cheaper (Ding et al. 2013;
Rajwanshi et al. 2014). However, only recently
there have been a few reports on the identifica-
tion of stress-responsive miRNAs from foxtail
millet. A genome-wide transcriptome study in S.
italica under drought stress was performed by
Qi et al. (2013).
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Two RNA and sRNA libraries were con-
structed from two treatments, namely drought
stressed, and unstressed whole seedlings S. italica
Yugul and sequenced. sSRNAs of varied nucleo-
tide sequence lengths were identified—24-nt
(nucleotide) SRNAs were found to be predomi-
nant followed by 21-, 22-, and 23-nt sSRNAs. The
study also revealed that a number of 24-nt siRNAs
were low across the genic regions, indicating their
negative role in influencing gene expression in
response to drought stress. Differential expression
analysis led to the identification of 19 long maxi-
mally expressed noncoding RNAs during drought
stress and, among these, two natural antisense
transcripts (NATs of Si003758m and Si038715m)
showed drought-regulated expression patterns (Qi
etal. 2013). Similarly, Yi et al. (2013) constructed
two small RNA libraries from shoot tissue of S.
italica inbred line Yugul followed by sequencing
using [llumina HighSeq 2000 platform leading to
the identification of a total 43 known miRNAs,
172 novel miRNAs, and 2 miRNA precursor
candidates. The targets of the selected miRNAs
were identified, annotated, and functionally vali-
dated by stem-loop RT-PCR in four tissues (Yi
et al. 2013). The raw reads generated 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,
respectively.

Han et al. (2014) analyzed expression patterns
of 43 miRNAs in different tissues of S. italica,
including leaves, roots, stems, and spikes, and
also experimentally validated five predicted tar-
gets of four miRNAs using 5'-RLM-RACE. Fur-
thermore, a total of 355 mature miRNAs
(Sit-miR) have been identified from the genomic
and CDS sequences of S. italica and classified into
53 families (Khan et al. 2014). Expression pro-
filing of candidate Sit-miRs was analyzed using
Northern blot analysis and stem-loop RT-qPCR
under different abiotic stresses in two S. italica
cultivars (IC-403579, stress tolerant; IC-480117,
stress susceptible). Three Sit-miRs, namely
Sit-miR162a, Sit-miR167b, and Sit-miR171b,
were found to be up-regulated in tolerant cultivar
compared to sensitive and Sit-miR156c,
Sit-miR397a, Sit-miR393, Sit-miR160d, and
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Sit-miR6248a were found to be down-regulated in
the tolerant cultivar under drought stress (Khan
et al. 2014). The complete information about
chromosomal location, length, sequences of
pre-miRNA and mature miRNA, secondary
structure, and target gene information of identified
sit-miRs has 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).

In another study, four small RNA libraries from
control and drought stressed seedlings of
IC-403579 (tolerant) and IC-480117 (susceptible)
were constructed and sequenced using Illumina
HiSeq 2000 platform (Yadav et al. 2016). Tran-
scriptome results of this study led to the identifi-
cation of a total of 55 known miRNAs, which were
classified into 23 miRNA families and 136 novel
miRNAs which could be classified into 47 miRNA
families, respectively. Stem-loop quantitative
real-time PCR further validated some of these
candidate novel dehydration-responsive Sit-miRs.
In a similar kind of study, drought-responsive
miRNAs were identified from S. italica inbred
An04-4783 seedlings using [llumina sequencing
(Wang et al. 2016). A total of 81 known and 76
novel miRNAs were identified. Furthermore,
degradome sequencing was carried out to confirm
the target genes of the identified drought-
responsive miRNAs. The above studies give an
insight into the role of miRNAome of S. italica in
response to abiotic stress. There is also a dire need
for identification and characterization of target
genes of SRNAs to delineate their roles in abiotic
stress regulatory pathways in foxtail millet.

8.6 DNA Methylation

Alteration of gene expression during plant
development and various environmental stresses
may also occur because of epigenetic modifica-
tions such as DNA methylation, chromatin
remodeling, and histone modification (Boyko
and Kovalchuk 2008). Many cytosines in the
genome, particularly those located at CG dinu-
cleotide, may potentially act as transcriptional
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switches (Shibuya et al. 2009). Hypomethylation
or hypermethylation of DNA may function as a
major switch to control the expression of effector
genes during stress response in  plants
(Chinuusamy and Zhu 2009). Very little is
known about the global patterns of epigenetic
modification such as DNA methylation in the case
of abiotic stress, and whether DNA methylation
plays a role in various abiotic stress responses in
plants is still unclear. Considering this, a
genome-wide salinity-induced differential methy-
lation analysis was carried out on 3-weeks-old
contrasting foxtail millet cultivars, namely salinity
tolerant cv. IC403579 (IC04) and sensitive
cv. IC480117 (IC41) using a methylation-
sensitive amplified polymorphism (MSAP) tech-
nique. The study indicated a reduction in DNA
methylation level in the tolerant cultivar compared
to the sensitive. It also led to the identification of a
total of 86 MSAP fragments, which were func-
tionally annotated and classified into various cat-
egories, namely transporters, TFs, phosphatases,
oxidoreductases, transposable elements (TEs), etc.
A validation of methylome data was also carried
out through expression analysis of four selected
genes. Overall, the study inferred the role of
salinity stress in inducing genome-wide DNA
methylation as well as gene expression modula-
tion in foxtail millet (Pandey et al. 2017).

8.7 Advances in Foxtail Millet
Genomic Resources and Their
Utilization

Although foxtail millet is an important grain
crop and a potential model for several bioenergy
crops, the availability of genomic tools is limited
and needs to be developed. ESTs and molecular
markers can be excellent genomic resources for
foxtail millet. Zhang et al. (2007b) analyzed the
dehydration-induced transcriptome of foxtail
millet cv. Mar51 using subtracted cDNA library
and microarray. A total of 1,947 uniESTs were
obtained of which 95 and 57 ESTs were
up-regulated in roots and shoots, respectively.
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Jayaraman et al. (2008) used cDNA-AFLP
markers for comparing the gene expression
profiles of a salt tolerant and a salt sensitive
cultivar of foxtail millet (S. italica) in response
to salt stress. A total of 90 differentially
expressed transcript-derived fragments (TDFs)
were identified, out of which 86 TDFs were
classified on the basis of their either complete
presence or absence (qualitative variants) and 4
on differential expression pattern levels (quanti-
tative variants) in the two varieties. Other than
these, the genes identified in transcript profiling
studies on drought (Lata et al. 2010) and salinity
(Puranik et al. 2011a) are important genomic
resources, which could be exploited for
enhancing drought tolerance traits and can be
functionally validated to understand the molec-
ular genetics of foxtail millet in stress response
and adaptation. Recently, Qi et al. (2013) ana-
lyzed the whole transcriptome of foxtail millet
using the Illumina platform and identified a total
of 2,484 drought responsive genes, out of which
~48% were up-regulated and ~52% were
down-regulated. = Sequence-based = molecular
markers, genetic linkage maps, and trait-genetics
are important molecular tools in marker-aided
selection and breeding for desired agronomic
traits such as yield, quality, and improved abi-
otic stress tolerance. The availability of the
foxtail millet genome sequence in the public
domain has been an immense help in the
development of large-scale genomic resources,
comparative mapping, markers/quantitative trait
loci (QTLs) identification and development, and
molecular breeding of foxtail millet and related
cereals crops (Muthamilarasan and Prasad
2015). The first assembled reference genome of
foxtail millet and green foxtail was released
independently by the United States Depart-
ment of Energy-Joint Genome Initiative
(USDOE-JGI) and Beijing Genome Initiative
(BGI), China in 2012 (Bennetzen et al. 2012;
Zhang et al. 2012; reviewed in Lata and
Prasad 2013). Both studies predicted the genome
size of foxtail millet to be ~490 Mb coding
for ~30,000 genes. The studies also led to the
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identification of large number of stress-
responsive genes and miRNA families in fox-
tail millet. In addition, thousands of SNPs,
insertion-deletion polymorphisms, and structural
variations were also identified in the sequenced
genomes when compared with other lines.

In light of the availability of the genome
sequence, comparative genomics studies have
been geared up for the identification of genes
underlying QTL(s) for determining key traits for
genetic improvement of foxtail millet (Paterson
et al. 1995; Doust and Kellogg 2006; Doust et al.
2009, 2010; Lata et al. 2013; Muthamilarasan and
Prasad 2015). Foxtail millet genome sequence
was also helpful in aligning the switchgrass gen-
ome (http://kdbioinfo.cropsoil.uga.edu/devoslab/
prjctfxtlmllt.html), leading to translating the
sequence and QTL information from this diploid
crop to other candidate biofuel grasses, which are
otherwise polyploid. A direct practical proposi-
tion of using foxtail millet genome sequence
would therefore be an easy access for crop
breeders searching for exploitable variations for
crop improvement strategies. The genome
sequence information has also served as a refer-
ence 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 nucleotide polymor-
phisms, which revealed genomic variations
among these accessions (Jia et al. 2013). Simi-
larly, the S. italica genome sequence data facilitate
WGR of cultivated and wild varieties of Setaria
with contrasting phenotypes to identify novel
genes/alleles/QTLs underlying drought response
and to execute NGS-based genomics-assisted
breeding for drought tolerance. Although the
S. viridis genome has also been sequenced
(Bennetzen et al. 2012), the lack of publicly
available sequence information has for a long time
significantly impeded the development of genetic
and genomic resources in this important model
species. However, recent developments have made
this data available in the web portal “Setariabase”
(http://www.sviridis. org; Brutnell et al. 2015).

Sequence-based molecular markers, QTLs,
and genetic linkage maps can also be effectively
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utilized for marker-aided breeding of economi-
cally important traits. Lata et al. (2011a) have
identified an SNP in the SiDREB2 gene of foxtail
millet associated with dehydration tolerance.
An ASM has also been developed for the same,
which can amplify the specific products from the
dehydration-tolerant and sensitive accessions
(Lata et al. 2011a). It has also been shown that
this ASM contributes to approximately
one-fourth of the total variation in lipid peroxi-
dation and relative water content at the seedling
stage (Lata and Prasad 2013b, 2014). Further-
more, considering the importance of intron
length polymorphic (ILP) markers in germplasm
characterization, diversity studies, and molecular
breeding, a set of 98 ILP markers was developed
from foxtail millet (Gupta et al. 2011). In con-
tinuation of this, 5,123 ILP markers were also
recently developed, and their utility in
cross-species transferability, germplasm charac-
terization, and comparative mapping among
millets and non-millets was also demonstrated
(Muthamilarasan et al. 2013). Foxtail millet has
very limited resources of co-dominant
microsatellite markers and saturated genetic
linkage maps. In light of this, Pandey et al.
(2013) performed a genome-wide analysis and
identified 28,342 microsatellite repeat motifs
spanning 405.3 Mb of foxtail millet genome.
Among these microsatellites, trinucleotide
repeats (~48%) were predominant followed by
dinucleotide repeats (~ 75%). About 159 mark-
ers were validated successfully in 8 accessions of
Setaria sp. with ~67% polymorphic potential
for different traits. Similarly, Kumari et al. (2013)
identified 495 EST-SSRs from 66,027 ESTs
available at the NCBI database and developed
447 SSR markers successfully validated in green
foxtail and other millets. In another study, Zhang
et al. (2014) isolated 5,020 highly repetitive
microsatellite motifs from Yugul genome and
designed 788 SSR primer pairs based on the
sequence comparison between S. italica and S.
viridis. Out of these, 733 could produce repro-
ducible amplicons and were found to be poly-
morphic for 28 Setaria genotypes. Furthermore,
Yadav et al. (2014) developed 176
miRNA-based molecular markers. In a similar
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line, the highly polymorphic nature of 20,278
TE-based markers were developed which could
be categorized into five different polymorphism
types, namely retrotransposon-based insertion
polymorphisms, inter-retrotransposon amplified
polymorphisms, repeat junction markers, repeat
junction—junction markers, insertion-site-based
polymorphisms and retrotransposon-
microsatellite amplified polymorphisms (Yadav
et al. 2015). Open access databases (Foxtail
millet Transposable Elements-based Marker
Database; FmTEMDb;  http://59.163.192.83/
Itrdb/index.html; and Foxtail Millet microRNA
Database; FmMiRNADD; http://59.163.192.91/
FmMiRNADb/) for these resources were also
constructed for open use by the researchers. The
details of molecular markers and genetic linkage
maps reported to date in foxtail millet are listed
in Table 8.3. Furthermore, the ASM,
microsatellites, and other molecular markers
would assist and play a significant role in allele
mining of germplasm resources, diversity and
transferability studies, phylogenetics, and com-
parative mapping, thus paving the way for dis-
covery and exploitation of novel alleles in crop
improvement, and accelerating the foxtail millet
breeding process for stress tolerance.
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8.8 Conclusion and Future
Perspectives

Considering the potential of both foxtail millet
and green foxtail as an excellent model system
for evolutionary, architectural and physiological
studies of related bioenergy grasses and C, crops,
much attention has been given to these crops in
the last decade by the scientific community. In
fact, foxtail millet has gained considerable
attention in terms of both structural and func-
tional genomics. Furthermore, the release of the
Setaria genome sequence has paved the way for
large-scale development of genomic resources
for this important model crop. Notably, foxtail
millet research pertaining to various abiotic
stresses has led to the identification of several
potential candidate genes that could be effec-
tively utilized in crop improvement programs
including transgenics and molecular breeding.
Furthermore, the development of various data-
bases would act as a valuable resource for
large-scale genotyping applications in foxtail
millet. Despite genome-wide investigation of
several gene families, there is still much scope
for further studies that could help to provide a
better understanding of the complex abiotic stress

Table 8.3 Summary of DNA-based markers and QTLs available in foxtail millet related to abiotic stress tolerance

DNA markers/QTLs

100 polymorphic SSRs developed from the two genomic DNA libraries
~1000 SNPs by sequencing pools of RILs (S. italica acc. B100 x S.

virdis acc. A10)

98 ILP markers

One Allele-specific marker for SiDREB2 gene
147 genomic microsatellite markers

28 342 microsatellites

447 EST-SSRs

788 SSRs

5,123 ILP markers

176 miRNA-based markers

20,278 TE-based markers

8 QTLs and 128 SSR markers spans 1293.9 cm with an average of 14

markers per linkage group of the 9 linkage groups
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regulatory mechanisms operating in foxtail mil-
let. The role of small RNAs and epigenetic
modifications in abiotic stress response remains
elusive, and therefore concerted efforts should be
directed toward understanding their roles in abi-
otic stress response and adaptation. Further
whole genome resequencing of diverse foxtail
millet accessions would help not only in dis-
covering novel variants for various abiotic
stresses but also in exploiting them for the
development of molecular markers and identifi-
cation of QTLs to be utilized in foxtail millet
breeding programs. Taken together, the potential
abiotic stress tolerance features and the devel-
opment of large-scale genetic resources in foxtail
millet would certainly help in accelerating the
crop improvement programs in this climate
resilient crop.

Acknowledgements Charu Lata acknowledges INSPIRE
Faculty Award [IFA-11LSPA-01] from Department of
Science & Technology (DST), Gol, New Delhi. She is also
thankful to the Director, CSIR-National Botanical
Research Institute, Lucknow, India for providing facilities
and support to conduct research in millet genomics.

References

Amadou I, Amza T, Shi Y-H, Le G-W (2011) Chemical
analysis and antioxidant properties of foxtail millet
bran extracts. Songklanakarin J Sci Technol 33:509—
515

Ambawat S, Sharma P, Yadav NR, Yadav RC (2013)
MYB transcription factor genes as regulators for plant
responses: an overview. Physiol Mol Biol Plants
19:307-321

Baltensperger DD (2002) Progress with proso, pearl, and
other millets. In: Janick J, Whipley A (eds) Trends in
new crops and new uses. ASHS Press, Alexandria,
pp 100-103

Barton L, Newsome SD, Chen FH, Wang H, Guilder-
son TP, Bettinger RL (2009) Agricultural origins and
the isotopic identity of domestication in northern
China. Proc Natl Acad Sci 106:5523-5528

Benabdelmouna A, Darmency H (2003) Copia -like
retrotransposons in the genus Sefaria: Sequence
heterogeneity, species distribution and chromosomal
organization. Plant Syst Evol 237:127-136

Benabdelmouna A, Abirached-Darmency M, Darmency H
(2001) Phylogenetic and genomic relationships in
Setaria italica and its close relatives based on the
molecular diversity and chromosomal organization of

Charu Lata and Radha Shivhare

5S and 18S-5.8S-25S rDNA genes. Theor Appl Genet
103:668-677

Bennetzen JL, Schmutz J, Wang H, Percifield R,
Hawkins J, Pontaroli AC, Estep M et al (2012)
Reference genome sequence of the model plant
Setaria. Nature Biotechnol 30:555-561

Bonthala VS, Muthamilarasan M, Roy R, Prasad M
(2014) FmTFDb: a foxtail millet transcription factors
database for expediting functional genomics in millets.
Mol Biol Rep 41:6343-6348

Boyko A, Kovalchuk I (2008) Epigenetic control of plant
stress response. Environ Mol Mutagen 49:61-72

Brutnell TP, Bennetzen JL, Vogel JP (2015) Brachy-
podium distachyon and Setaria viridis: model genetic
systems for the grasses. Annu Rev Plant Biol 66:465—
485

Chen Z, Chen M, Xu ZS, Li LC, Chen XP, Ma YZ (2014)
Characteristics and expression patterns of the aldehyde
dehydrogenase (ALDH) gene superfamily of foxtail
millet (Setaria italica L.). PLoS One 9(7):e101136

Chen J, Qi Y (1993) Recent developments in foxtail millet
cultivation and research in China. In: Riley KW,
Gupta SC, Seetharam A, Mushonga IJN
(eds) Advances in small millets. Oxford and IBH
Publishing Co, New Delhi, pp 101-107

Chinnusamy V, Zhu JK (2009) Epigenetic regulation of
stress responses in plants. Curr Opin Plant Biol
12:133-139

Ding Y, Tao Y, Zhu C (2013) Emerging roles of
microRNAs in the mediation of drought stress
response in plants. J Exp Bot 64:3077-3086

Doust AN, Kellogg EA (2006) Effect of genotype and
environment on branching in weedy green millet
(Setaria viridis) and domesticated foxtail millet
(Setaria italica) (Poaceae). Mol Ecol 15:1335-1349

Doust AN, Kellogg EA, Devos KM, Bennetzen JL (2009)
Foxtail millet: a sequence-driven grass model system.
Plant Physiol 149:137-141

Doust AN, Mauro-Herrera M, Malahy M, Stromski J,
Estep M, Percifield R, Wang H, Wu L, Wu X, Zale J,
Devos K, Bennetzen J (2010) Development of
genomic and genetic tools for foxtail millet, and use
of these tools in the improvement of biomass produc-
tion for bioenergy crops. In: Plant and animal
genomes X VIII conference. 9—13 January, San Diego,
CA. P372 (abstract)

Dvorakova Z, Cepkové PH, Janovska D, Viehmannova I,
Svobodova E, Cusimamani EF, Milella L (2015)
Comparative analysis of genetic diversity of 8 millet
genera revealed by ISSR markers. Emirates J Food
Agric 27:617-628

Dwivedi S, Upadhyaya H, Senthilvel S, Hash C, Fuku-
naga K, Diao X, Santra D, Baltensperger D, Prasad M
(2012). In: Janick J (ed) Millets: genetic and genomic
resources. Plant Breed Rev, vol 35. Wiley, USA,
pp 247-375

Feng ZJ, He GH, Zheng WJ, Lu PP, Chen M, Gong YM,
Ma YZ, Xu ZS (2015) Foxtail millet NF-Y families:
genome-wide survey and evolution analyses identified



8 Genetic Determinants of Abiotic Stress Tolerance ...

two functional genes important in abiotic stresses.
Front Plant Sci 6:1142

Feng ZJ, Xu ZS, Sun J, Li LC, Chen M, Yang GX,
He GY, Ma YZ (2016) Investigation of the ASR
family in foxtail millet and the role of ASRI in
drought/oxidative stress tolerance. Plant Cell Rep
35:115-128

Goron TL, Raizada MN (2015) Genetic diversity and
genomic resources available for the small millet crops
to accelerate a new green revolution. Front Plant Sci
6:157. doi:10.3389/fpls.2015.00157

Gupta S, Kumari K, Das J, Lata C, Puranik S, Prasad M
(2011) Development and utilization of novel intron
length polymorphic markers in foxtail millet ((L.)
P. Beauv.). Genome 54(7):586—602

Gupta S, Kumari K, Muthamilarasan M, Parida SK,
Prasad M (2014) Population structure and association
mapping of yield contributing agronomic traits in
foxtail millet. Plant Cell Rep 33:881-893

Han J, Xie H, Sun Q, Wang J, Lu M, Wang W, Guo E,
Pan J (2014) Bioinformatic identification and exper-
imental validation of miRNAs from foxtail millet
(Setaria italica). Gene 546(2):367-377

He Z, Bonjean APA (2010) Cereals in China. CIMMYT,
Mexico

Huang Z, Zhao L, Chen D, Liang M, Liu Z, Shao H et al
(2013) Salt stress encourages proline accumulation by
regulating proline biosynthesis and degradation in
Jerusalem Artichoke Plantlets. PLoS ONE 8(4):
€62085

Huang P, Feldman M, Schroder S, Bahri BA, Diao X,
Zhi H, Estep M, Baxter I, Devos KM, Kellogg EA
(2014) Population genetics of Setaria viridis, a new
model system. Mol Ecol 23:4912-4925

Jacinto T, Farmer EE, Ryan CA (1993) Purification of
potato leaf plasma membrane protein pp34, a protein
phosphorylated in response to oligogalacturonide
signals for defense and development. Plant Physiol
103:1393-1397

Jayaraman A, Puranik S, Rai NK, Vidapu S, Sahu PP,
Lata C et al (2008) cDNA-AFLP analysis reveals
differential gene expression in response to salt stress in
foxtail millet (Setaria italica 1.). Mol Biotechnol
40:241-251

Jia G, Huang X, Zhi H, Zhao Y, Zhao Q, Li W, Chai Y,
Yang L, Liu K et al (2013) A haplotype map of
genomic variations and genome-wide association
studies of agronomic traits in foxtail millet (Setaria
italica). Nat Genet 45(8):957-961

Khan Y, Yadav A, Bonthala VS, Muthamilarasan M,
Yadav CB, Prasad M (2014) Comprehensive
genome-wide identification and expression profiling
of foxtail millet [Setaria italica (L.)] miRNAs in
response to abiotic stress and development of miRNA
database. Plant Cell Tiss Org Cult (PCTOC) 118
(2):279-292

Khraiwesh B, Zhu J-K, Zhu J (2011) Role of miRNAs
and siRNAs in biotic and abiotic stress responses of
plants. Biochem Biophys Acta. doi:10.1016/j.bbagrm.
2011.05.001

101

Krishnamurthy L, Serraj R, Rai KN, Hash CT,
Dakheel AJ (2007) Identification of pearl millet
[Pennisetum glaucum (L.) R.Br.] lines tolerant to soil
salinity. Euphytica 158(1-2):179-188

Kumari K, Muthamilarasan M, Misra G, Gupta S,
Subramanian A, Parida SK, Chattopadhyay D,
Prasad M, Jordan IK (2013) Development of
eSSR-Markers in Setaria italica and their applicability
in studying genetic diversity, cross-transferability and
comparative mapping in millet and non-millet Species.
PLoS ONE 8(6):e67742

Lata C, Prasad M (2011) Role of DREBs in regulation of
abiotic stress responses in plants. J Exp Bot 14:4731-
4748

Lata C, Prasad M (2013a) Setaria genome sequencing: an
overview. J Plant Biochem Biotechnol 22:257-260

Lata C, Prasad M (2013b) Validation of an allele-specific
marker associated with dehydration stress tolerance in
a core set of foxtail millet accessions. Plant Breed
132:496-499

Lata C, Prasad M (2014) Association of an allele-specifi ¢
marker with dehydration stress tolerance in foxtail
millet suggests SiDREB2 to be an important QTL.
J Plant Biochem Biotechnol 23:119-122

Lata C, Sahu PP, Prasad M (2010) Comparative tran-
scriptome analysis of differentially expressed genes in
foxtail millet (Setaria italica L.) during dehydration
stress. Biochem Biophys Res Commun 393:720-727

Lata C, Bhutty S, Bahadur RP, Majee M, Prasad M
(2011a) Association of an SNP in a novel DREB2-like
gene SiDREB2 with stress tolerance in foxtail millet
[Setaria italica (L.)]. J Exp Bot 62:3387-3401

Lata C, Jha S, Dixit V, Sreenivasulu N, Prasad M (2011b)
Differential antioxidative responses to
dehydration-induced oxidative stress in core set of
foxtail millet cultivars [Setaria italica (L.)]. Proto-
plasma 248:817-828

Lata C, Gupta S, Prasad M (2013) Foxtail millet: a model
crop for genetic and genomic studies in bioenergy
grasses. Crit Rev Biotechnol 33:328-343

Lata C, Mishra AK, Muthamilarasan M, Bonthala VS,
Khan Y, Prasad M (2014) Genome-wide investigation
and expression profiling of AP2/ERF transcription
factor superfamily in foxtail millet (Setaria italica L.).
PLoS ONE 9:e113092

Layton DJ, Kellogg EA (2014) Morphological, phyloge-
netic, and ecological diversity of the new model
species Setaria viridis (Poaceae: Paniaceae) and its
close relatives. Am J Bot 101:539-557

Li Y-M (1991) A study on the identification of
drought-resistance on millet germplasm (in Chinese.
English abstract). Acta Agril Boreali-Sinica 6:20-25

Li Y-M (1997) Breeding for foxtail millet drought tolerant
cultivars (in Chinese). In: Li Y (ed) Foxtail millet
breeding. Chinese Agr Press, Beijing, pp 421-446

Li P, Brutnell TP (2011) Setaria viridis and Setaria
italica, model genetic systems for the Panicoid
grasses. J Exp Bot 62:3031-3037

Li Y, Wu SZ (1996) Traditional maintenance and
multiplication of foxtail millet (Setaria italica


http://dx.doi.org/10.3389/fpls.2015.00157
http://dx.doi.org/10.1016/j.bbagrm.2011.05.001
http://dx.doi.org/10.1016/j.bbagrm.2011.05.001

102

(L) P. Beauv.) landraces in China. Euphytica 87:33—
38

Li C, Yue J, Wu X, Xu C, Yu J (2014) An
ABA-responsive DRE-binding protein gene from
Setaria italica, SIARDP, the target gene of SiAREB,
plays a critical role under drought stress. J Exp Bot
65:5415-5427

LiJ, Dong Y, Li C,Pan Y, YuJ (2017) SiASR4, the target
gene of SIARDP from Setaria italica, improves abiotic
stress adaption in plants. Front Plant Sci 7:2053

Liang S, Yang G, Ma Y (2010) Chemical characteristics
and fatty acid profile of foxtail millet bran oil. ] Am
Oil Chem Soc 87:63-67

Liu HH, Tian X, Li YJ, Wu CA, Zheng CC (2008)
Microarray-based analysis of stress-regulated micro-
RNAs in Arabidopsis thaliana. RNA 14:836-843

Lu S, Sun YH, Shi R, Clark C, Li L, Chiang VL (2005)
Novel and mechanical stress-responsive microRNAs
in Populus trichocarpa that are absent from Ara-
bidopsis. Plant Cell 17:2186-2203

Mirzace MR, Zare R, Nasrabad AA (2010) A new leaf
and sheath brown spot of foxtail millet caused by
Bipolaris australiensis. Australasian Plant Disease
Notes 5:19-20

Mishra AK, Puranik S, Bahadur RP, Prasad M (2012)
The DNA binding activity of an AP2 protein is
involved in transcriptional regulation of a
stress-responsive gene, SiWDA40, in foxtail millet.
Genomics. doi:10.1016/j.ygeno.2012.06.012

Munirathnam P, Venkatramanamma K, Anusha A (2015)
valuation of foxtail millet genotype s for blast and rust
diseases under field conditions. Current Biotica
9:263-268

Muthamilarasan M, Prasad M (2015) Advances in Setaria
genomics for genetic improvement of cereals and
bioenergy grasses. Theor Appl Genet 128:1-14

Muthamilarasan M, Venkata Suresh B, Pandey G,
Kumari K, Parida SK, Prasad M (2013) Development
of 5123 intron-length polymorphic markers for
large-scale genotyping applications in foxtail millet.
DNA Res 21:41-52

Muthamilarasan M, Bonthala VS, Mishra AK, Khandel-
wal R, Khan Y, Roy R, Prasad M (2014a) C2H2-type
of zinc finger transcription factors in foxtail millet
define response to abiotic stresses. Funct Integr
Genomics 14:531-543

Muthamilarasan M, Khandelwal R, Yadav CB, Bon-
thala VS, Khan Y, Prasad M (2014b) Identification
and molecular characterization of MYB transcription
factor superfamily in C4 model plant foxtail millet
(Setaria italica L.). PLoS ONE 9:¢109920

Muthamilarasan M, Bonthala VS, Khandelwal R, Jais-
hankar J, Shweta S, Nawaz K, Prasad M (2015)
Global analysis of WRKY transcription factor super-
family in Setaria identifies potential candidates
involved in abiotic stress signaling. Front Plant Sci
6:910

Nakayama H, Nagamine T, Hayashi N (2005) Genetic
variation of blast resistance in foxtail millet (Setaria

Charu Lata and Radha Shivhare

italica (L.) P. Beauv.) and its geographic distribution.
Genet Resour Crop Evol 52:863-868

Navarro L, Dunoyer P, Jay F, Arnold B, Dharmasiri N,
Estelle M, Voinnet O, Jones JD (2006) A plant
miRNA contributes to antibacterial resistance by
repressing auxin signaling. Science 312:436-439

Pan Y, Li J, Jiao L, Li C, Zhu D, Yu J (2016) A
Non-specific Setaria italica lipid transfer protein gene
plays a critical role under abiotic stress. Front Plant
Sci 7

Pandey G, Misra G, Kumari K, Gupta S, Parida SK,
Chattopadhyay D, Prasad M (2013) Genome-wide
development and use of microsatellite markers for
large-scale genotyping applications in foxtail millet
[Setaria italica (L.)]. DNA Res 20:197-207

Pandey G, Yadav CB, Sahu PP, Muthamilarasan M,
Prasad M (2017) Salinity induced differential methy-
lation patterns in contrasting cultivars of foxtail millet
(Setaria italica L.). Plant Cell Rep 36:759-772

Paterson AH, Lin YR, Li Z, Schertz KF, Doebley JF,
Pinson SRM, Liu SC, Stansel JW, Irvine JE (1995)
Convergent domesticationof cereal crops by indepen-
dent mutations at corresponding Genetic Loci. Science
269(5231):1714-1718

Peng Y, Zhang J, Cao G, Xie Y, Liu X, Lu M et al (2010)
Overexpression of a PLDalphal gene from Setaria
italica enhances the sensitivity of Arabidopsis to
abscisic acid and improves its drought tolerance. Plant
Cell Rep 29:793-802

Puranik S, Jha S, Srivastava PS, Sreenivasulu N,
Prasad M (2011a) Comparative transcriptome analysis
of contrasting foxtail millet cultivars in response to
short-term salinity stress. J Plant Physiol 168:280-287

Puranik S, Bahadur RP, Srivastava PS, Prasad M (2011b)
Molecular cloning and characterization of a membrane
associated NAC family gene, SiNAC from foxtail
millet [Setaria italica (L.) P. Beauv.]. Mol Biotechnol
doi:10.1007/s12033-011-9385-7

Puranik S, Sahu PP, Mandal SN, Venkata Suresh B,
Parida SK, Prasad M (2013) Comprehensive
genome-wide survey, genomic constitution and
expression profiling of the NAC transcription factor
family in foxtail millet (Setaria italica L.). PLoS ONE
8:64594

Qi X, Xie S, Liu Y, Yi F, Yu J (2013) Genome-wide
annotation of genes and noncoding RNAs of foxtail
millet in response to simulated drought stress by deep
sequencing. Plant Molec Biol 83(4-5):459—473

Qie L, Jia G, Zhang W, Schnable J, Shang Z, Li W, Liu B,
Li M, Chai Y, Zhi H, Diao X (2014) Mapping of
quantitative trait locus (QTLs) that contribute to
germination and early seedling drought tolerance in
the interspecific cross Setaria italicax Setaria viridis.
PLoS One 9(7):e101868. doi: 10.1371/journal.pone.
0101868

Rajwanshi R, Chakraborty S, Jayanandi K, Deb B, Light-
foot DA (2014) Orthologous plant microRNAs:
microregulators with great potential for improving stress
tolerance in plants. Theor Appl Genet 127:2525-2543


http://dx.doi.org/10.1016/j.ygeno.2012.06.012
http://dx.doi.org/10.1007/s12033-011-9385-7
http://dx.doi.org/10.1371/journal.pone.0101868
http://dx.doi.org/10.1371/journal.pone.0101868

8 Genetic Determinants of Abiotic Stress Tolerance ...

Shantz HL, Piemeisel LN (1927) The water requirement
of plants at Akron Colorado. J Agri Res. 34:1093—
1189

Sharma R, Girish AG, Upadhyaya HD, Humayun P,
Babu TK, Rao VP, Thakur RP (2014) Identification of
blast resistance in a core collection of foxtail millet
germplasm. Plant Dis 98:519-524

Shibuya K, Fukushima S, Takatsuji H (2009)
RNA-directed DNA methylation induces transcrip-
tional activation in plants. Proc Natl Acad Sci USA
106:1660-1665

Siles M, Baltensperger DD, Nelson LA, Marcon A,
Frickel GE (2001) Registration of five genetic marker
stocks for foxtail millet. Crop Sci 41:2011-2012

Singh RK, Jaishankar J, Muthamilarasan M, Shweta S,
Dangi A, Prasad M (2016) Genome-wide analysis of
heat shock proteins in C4 model, foxtail millet
identifies potential candidates for crop improvement
under abiotic stress. Sci Rep 6:32641

Sreenivasulu N, Ramanjulu S, Ramachandra-Kini K,
Prakash HS, Shekar-Shetty H, Savithri HS, Sud-
hakar C (1999) Total peroxidase activity and perox-
idase isoforms as modified by salt stress in two
cultivars of fox-tail millet with differential salt toler-
ance. Plant Sci 141:1-9

Sreenivasulu N, Miranda M, Prakash HS, Wobus U,
Weschke W (2004) Transcriptome changes in foxtail
millet genotypes at high salinity: identification and
characterization of a PHGPX gene specifically upreg-
ulated by NaCl in a salt-tolerant line. J Plant Physiol
161:467-477

Sunkar R (2010) MicroRNAs with macro-effects on plant
stress responses. Semin Cell Dev Biol 21:805-811

Sunkar R, Zhu JK (2004) Novel and stress-regulated
microRNAs and other small RNAs from Arabidopsis.
Plant Cell 16:2001-2019

Sunkar R, Zhou X, Zheng Y, Zhang W, Zhu JK (2008)
Identification of novel and candidate miRNAs in rice
by high throughput sequencing. BMC Plant Biol 2008
(8):25

Tadele Z (2016) Drought adaptation in millets. In:
Shanker AK, Shanker C (eds) Abiotic and biotic
stress in plants—recent advances and future perspec-
tives. ISBN 978-953-51-2250-0. http://dx.doi.org/10.
5772/61929

Tian BH, Wang J, Zhang L, Li Y, Wang S, Li H (2010)
Assessment of resistance to lodging of landrace and
improved cultivars in foxtail millet. Euphytica
172:295-302

Tian BH, Liu Y, Zhang LX, Song SX (2015) Character-
ization of culm morphology, anatomy and chemical
composition of foxtail millet cultivars differing in
lodging resistance. J Agril Sci 153:1437-1448. doi:10.
1017/S0021859614001105

Veeranagamallaiah G, Chandraobulreddy P, Jyothsnaku-
mari G, Sudhakar C (2007) Glutamine synthetase
expression and pyrroline-5-carboxylate reductase
activity influence proline accumulation in two culti-
vars of foxtail millet (Setaria italica L.) with differ-
ential salt sensitivity. Environ Expt Bot 60:239-244

103

Veeranagamallaiah G, Jyothsnakumari G,
Thippeswamy M, Reddy PCO, Surabhi G-K, Sriran-
ganayakulu G, Mahesh Y, Rajasekhar B, Madhu-
rarekha C, Sudhakar C (2008) Proteomic analyses of
salt responses in foxtail millet (Setaria italica L. cv.
Prasad) seedlings. Plant Sci 175:631-641

Veeranagamallaiah G, Ranganayakulu GS,
Thippeswamy M, Sivakumar M, Reddy EK, Panduran-
gaiah M, Sridevi V, Sudhakar C (2009) Aldose
reductase expression contributes in sorbitol accumula-
tion and 4-hydroxynon-2-enal detoxification in two
foxtail millet (Setaria italica 1.) cultivars with different
salt stress tolerance. Plant Growth Regul 59:137-143

Wang RL, Wendel JF, Dekker JH (1995) Weedy
adaptation in Setaria spp. 1. Isozyme analysis of
genetic diversity and population genetic structure in
Setaria viridis. Am J Bot 82:308-317

Wang Y, Zhang J, Cui R, Li W, Zhi H, Li H, Diao X
(2009) Transformation of wheat with DNAj gene from
foxtail millet via pollen-tube pathway (in Chinese with
English abstract) Acta Agril Boreali-Sinica 2009-02.
(http://en.cnki.com.cn/Article_en/
CJFDTOTALHBNB200902005.htm)

Wang C, Chen J, Zhi H, Yang L, Li W, Wang Y, Li H,
Zhao B, Chen M, Diao X (2010) Population genetics
of foxtail millet and its wild ancestor. BMC Genet
11:90

Wang M, Li P, Li C, Pan Y, Jiang X, Zhu D, Zhao Q,
Yu J (2014a) SiLEA 14, a novel atypical LEA protein,
confers abiotic stress resistance in foxtail millet. BMC
Plant Biol 14:290

Wang Y, Liu H, Xin Q (2014b) Genome-wide analysis
and identification of cytokinin oxidase/dehydrogenase
(CKX) gene family in foxtail millet (Setaria italica).
Crop J 2:244-254

Wang Y, Li L, Tang S, Liu J, Zhang H, Zhi H, Jia G,
Diao X (2016) Combined small RNA and degradome
sequencing to identify miRNAs and their targets in
response to drought in foxtail millet. BMC Genet 17:57

Wen Q-F, Wang L, Wang XY (2005) The foxtail millet
germplasm resources and screening and utilization of
drought resistance germplasm in Shanxi (In Chinese
with English abstract). J Shanxi Agr Sci 33:32-33

Yadav CB, Muthamilarasan M, Pandey G, Khan Y,
Prasad M  (2014) Development of novel
microRNA-based genetic markers in foxtail millet
for genotyping applications in related grass species.
Mol Breed. doi:10.1007/s11032-014-0137-9

Yadav CB, Bonthala VS, Muthamilarasan M, Pandey G,
Khan Y, Prasad M (2015) Genome-wide development
of transposable elements-based markers in foxtail
millet and construction of an integrated database.
DNA Res 22:79-90

Yadav A, Khan Y, Prasad M (2016) Dehydration-
responsive miRNAs in foxtail millet: genome-wide
identification, characterization and expression profil-
ing. Planta 243:749-766

Yi F, Xie S, Liu Y, Qi X, Yu J (2013) Genome-wide
characterization of microRNA in foxtail millet
(Setaria italica). BMC Plant Biol 13(1):212


http://dx.doi.org/10.5772/61929
http://dx.doi.org/10.5772/61929
http://dx.doi.org/10.1017/S0021859614001105
http://dx.doi.org/10.1017/S0021859614001105
http://en.cnki.com.cn/Article_en/CJFDTOTALHBNB200902005.htm
http://en.cnki.com.cn/Article_en/CJFDTOTALHBNB200902005.htm
http://dx.doi.org/10.1007/s11032-014-0137-9

104

Yue J,LiC, Liu Y, Yu J (2014) A remorin gene SIREM6,
the target gene of SiARDP, from foxtail millet
(Setaria italica) promotes high salt tolerance in
transgenic Arabidopsis. PLoS ONE 9(6):e100772

Zhang JP, Wang MY, Bai YF, Jia JP, Wang GY (2005)
Rapid evaluation on drought tolerance of foxtail millet
at seedling stage (in Chinese. English abstract). J Plant
Genet Resour 6:59-62

Zhang C, Zhang H, Li JX (2007a) Advances of millet
research on nutrition and application. J Chinese Cere-
als Oils Assoc 22:51-55

Zhang J, Liu T, Fu J, Zhu Y, Jia J, Zheng J, Zhao Y,
Zhang Y, Wang G (2007b) Construction and applica-
tion of EST library from Setaria italica in response to
dehydration stress. Genomics 90:121-131

Zhang JP, Liu TS, Zheng J, Jin Z, Zhu Y, Guo JF,
Wang GY (2007c) Cloning and characterization of a
putative 12-oxophytodienoic acid reductase cDNA
induced by osmotic stress in roots of foxtail millet.
DNA Seq 18:138-144

Zhang G, Liu X, Quan Z, Cheng S, Xu X, Pan S, Xie M
et al (2012) Genome sequence of foxtail millet
(Setaria italica) provides insights into grass evolution
and biofuel potential. Nature Biotechnol 30:549-554

Zhang S, Tang C, Zhao Q, Li J, Yang L, Qie L, Fan X
et al (2014) Development of highly polymorphic
simple sequence repeat markers using genome-wide
microsatellite variant analysis in Foxtail millet
[Setaria italica (L.) P. Beauv]. BMC Genom 15:78

Zhang L, Liu B, Zheng G, Zhang A, Li R (2017)
Genome-wide characterization of the SiDof gene

Charu Lata and Radha Shivhare

family in foxtail millet (Setaria italica). Biosystems
151:27-33

Zhao B, Liang R, Ge L, Li W, Xiao H, Lin H, Ruan K,
Jin Y (2007) Identification of drought-induced micro-
RNAs in rice. Biochem Biophys Res Commun
354:585-590

Zhao L, Zhao Q, Ao G, Yu J (2009) The foxtail millet
Si69 gene is a Wali7 (wheat aluminium-induced
protein 7) homologue and may function in aluminium
tolerance. Chinese Sci Bullet 54:1697-1706

Zhi H, Diao X, Lu P, Li W, Akolova Z (2004)
Methodology analysis on screening of salt tolerant
genotypes from foxtail millet and other Setaria
species. J Hebei Agr Res 8:15-18

Zhou X, Wang G, Zhang W (2007) UV-B responsive
microRNA genes in Arabidopsis thaliana. Mol Syst
Biol 3:103

Zhou X, Wang G, Sutoh K, Zhu JK, Zhang W (2008)
Identification of cold-inducible microRNAs in plants
by transcriptome analysis. Biochim Biophys Acta
1779:780-788

Zhou L, Liu Y, Liu Z, Kong D, Duan M, Luo L (2010)
Genome-wide identification and analysis  of
drought-responsive microRNAs in Oryza sativa.
J Exp Bot 61:4157-4168

Zhu X-H, Song Y-C, Zhao Z-H, Shi Y-S, Liu Y-H, Li Y,
Wang T-Y (2008) Methods for identification of
drought tolerance at germination period of foxtail
millet by osmotic stress (in Chinese, English abstract).
J Plant Genet Resour 9:62-67



9.1

Plant transformation technology has turned into a
versatile platform that facilitates fundamental
insights into plant biology. Every step of
biotechnological application to crop improve-
ment, starting from transgene regulation, study-
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Setaria italica and its wild progenitor Setaria viridis, collectively called
Setaria, have recently emerged as promising translational research models
for studying stress resistance, domestication, C4 grass biology, and
bioenergy traits. However, genetic engineering of Sefaria remains
challenging without the availability of robust transformation methods.
Their recalcitrance to in vitro manipulation and transformation restricts the
use of transgenesis and contemporary genome editing tools for crop
functional genomics research. Not much work on transgenesis in Setaria
has been reported. In the present chapter we aim at updating available
information related to Setaria tissue culture and genetic transformation. In
addition, we discuss different factors and methods to ease the transfor-
mation studies in Setaria. The advanced or alternative gene transformation
methods with respect to Setaria are also discussed.

processes, to developing improved varieties,
relies on transformation technology. Despite
technological advances, many crops still remain
strenuous for regeneration and transformation.
The success stories represent the conclusion of
many years of venture in tissue culture
improvement followed by transformation tech-
niques and genetic engineering. Moreover,
advancement of the genomics programme has led
to foundational discoveries of crop genes and
their functions that need to be translated to
facilitate an increase in agricultural production.
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hampering future plant breeding. This initiated
concern about developing proficient plant trans-
formation technologies and improving existing
methodologies. The use of high-throughput and
novel transformation systems could significantly
enhance plant genomics research, thereby revo-
lutionizing commercial agriculture. Similarly,
genetic improvement of millets has been initiated
in recent years despite their great importance.

Millets are annual C, grasses that belong to
the family Poaceae (Gramineae) of the mono-
cotyledon group. They rank sixth among the
world’s most important cereal grains. Although
less prominent than major cereals, these
small-seeded millets are grown worldwide for
food, feed, forage, and fuel (O’Kennedy et al.
2006), sustaining more than one-third of the
world’s population (Changmei and Dorothy
2014). Millets are a major source of energy and
protein for millions of people living in hot and
dry areas of the world (Rachie 1975; Amadou
et al. 2013; Muthamilarasan et al. 2016a). They
include several annual food and fodder grasses
such as pearl millet (Pennisetum glaucum (L.) R.
Br), finger millet (Eleusine coracana (L.)
Gaertn), foxtail millet (Setaria italica (L.)
P. Beauvois), proso millet (Panicum miliaceum
L.), barnyard millet (Echinochloa crus-galli L.
Beauv.), kodo millet (Paspalum scrobiculatum
L.), little millet (Panicum sumatrense Roth ex
Roem. & Schult.), tef (Eragrotis tef), fonio
(Digitaria sp.), guinea grass (Panicum maximum
Jacq), elephant grass (Pennisetum purpurium
Schumach.), and bahiagrass (Paspalum notatum
Flugge) (Dwivedi et al. 2012).

Drought and lack of irrigation are enduring
constraints to agricultural production (Ceccarelli
and Grando 1996). In addition to drought, high
temperature and soil salinity are other major
factors that strongly affect growth and produc-
tivity of crops. Hence, securing enhanced yield
stability totally relies on improving tolerance in
crop plants against abiotic stresses. However,
yield losses caused by abiotic constraints are
high and unpredictable in nature with regard to
duration, timing, and intensity of stresses.
Because millets are quite resilient to drought,
heat, and low nutrient input conditions (Saha
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et al. 2016), they are suitable for sustaining
agriculture and food security on low fertility
marginal lands of hilly and semi-arid regions of
India that are not suitable for major cereal crops
(Amadou et al. 2013). Despite their importance,
millets are considered to be minor cereal crops of
only regional significance and have remained an
under-researched crop commodity. Negligible
consideration is, thus, given to developing
genomic and genetic resources for these crops.
As global climate changes adversely influence
the production of other major cereals, millets are
substantially becoming attractive alternatives for
small scale grain production (Tadele 2016). They
also have the potential to meet increasingly rig-
orous weather patterns (Dai 2011) and other
challenges. Although neglected previously, the
value of millets toward agricultural stability in
the new millennium has now begun to be rec-
ognized (Goron and Raizada 2015). Millets are
thus, requisite plant genetic resources for the
agriculture and food security of poor farmers
residing in arid, uncultivable, and marginal lands.
Fortunately, millet biodiversity provides the sci-
entific community with prospective access to
potential genes for crop improvement. Millets
are, thus, valuable resources with a remarkable
potential for the New Green Revolution in the era
of a world with limiting natural resources and
climate change.

9.2 Move Toward Foxtail Millet—
Green Foxtail Pair as Model
Grasses

Recently, millets such as S. ifalica L. (foxtail
millet) and Setaria viridis (green foxtail), col-
lectively called Setaria, gained promising scien-
tific consideration as an attractive substitute for
more established grass model systems such as
rice, brachypodium, and maize (Muthamilarasan
and Prasad 2015). Setaria can be genetically
aligned to some of the world’s most important
food, feed, and energy crops (Defelice 2002;
Doust et al. 2009; Li and Brutnell 2011; Brutnell
2015). Grasses of the genus Setaria belongs to
the tribe Paniceae of the subfamily Pancoideae
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and are, as are all millet species, a member of the
PACMAD clade. The Panicoideae subfamily is
one of the biggest in the grasses, comprising
many important crop species, namely maize (Zea
mays), sugarcane (Saccharum officinarum), sor-
ghum (Sorghum bicolor), foxtail millet (S. ital-
ica), common millet (Panicum miliaceum), pearl
millet (Pennisetum glaucum), switchgrass (Pan-
icum virgatum), napiergrass (Pennisetum pur-
pureum), etc. Being part of this subfamily, with
close evolutionary relationships, the Setaria
model facilitates functional genomics for Pani-
coideae crops.

Genus Setaria is comprised of approximately
150 species distributed all over the world. Of
these, foxtail millet was domesticated around
8,700 years ago in Northern China from §. vir-
idis that is considered to be its wild progenitor.
Previous studies illustrate S. viridis to be most
closely related and inter-fertile with foxtail millet
(Benabdelmouna et al. 2001; Huang et al. 2014).
Close phylogenetic relatedness in general means
sharing common genetic mechanisms driving the
complex traits, thereby making it easier to
translate genetic discoveries between closely
related species. Foxtail millet is considered one
of the world’s oldest crops and ranks second in
world total millet production (Yang et al. 2012).
Although, maize and sorghum were initially
considered as a model for C4 functional geno-
mics study, their large genome size, paleopoly-
ploid evolution history, adult plant size, and
longer life cycle present challenges for functional
genomics research. Similar to maize, green fox-
tail and foxtail millet are C,4 plants, but they have
smaller genomes and are true diploids. Likewise,
polyploid backgrounds of putative biofuel crops
such as switchgrass and napiergrass make them
unsuitable for functional genomics study, similar
to the situation for common millet, an ancient
cereal. The establishment of Setaria as a model
can assist in the genetic study of all these species,
and many more Panicoid grasses. Their phylo-
genetic relatedness to several other millets and
cereals, namely maize, sugarcane, sorghum, pearl
millet, common millet, etc., gives them an addi-
tional advantage. The morphological and devel-
opmental similarity of Sefaria to several
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important outbreeding, polyploids with larger
genomes allows it to serve as a tractable diploid
model for these valuable dry-land crops.

Together, they have specific characteristic
advantages including small genomes
(~500 Mb), short life cycle, simple diploid
genetics, small stature, inbreeding nature, prolific
seed production, and simple growth requirements
that are not inherent to the majority of the millet
species (Doust et al. 2009). These characteristics,
along with the C, photosynthetic traits, genetic
close-relatedness to major cereals and bioenergy
grasses, and potential abiotic stress tolerance,
have accentuated these crops as a tractable model
for studying C, photosynthesis, abiotic stress
tolerance, and biofuel traits (Diao et al. 2014).
Considering the importance of Setaria, their
genome has been sequenced and two genome
sequences of foxtail millet were released in 2012
(Bennetzen et al. 2012; Zhang et al. 2012), fol-
lowed by a third genome sequence of the landrace
Dagqingjie of foxtail millet that came a year later
(Jia et al. 2013). The genome sequence of green
foxtail Accession N10 was also released by the
same group (Jia et al. 2013). Bai et al. (2013)
re-sequenced the landrace Shilixiang of foxtail
millet to facilitate identification of useful markers
of agronomic importance. Therefore, with the
availability of high-quality reference genome
sequences, and a high-density haplotype map of
genome variation, information in public databases
has accelerated the development of genetic and
genomic resources in these model crops. Mutant
populations have also been characterized in both
green foxtail and foxtail millet (Liu et al. 2016;
Xue et al. 2016).

Researchers can now compare these C4 tem-
perate, cold- and drought-tolerant model grasses
to other plants that may or may not have evolved
these adaptations, particularly significant for
biotechnological improvement. Setaria being a
model is not only relevant to translating QTLs,
mapped genes, and high-throughput phenotyping
strategies to other millets, or for validating can-
didate genes. Rather, specific characteristic
attributes of Setaria enhance its progress as a
study system for biological processes, hypothesis
testing, and genome engineering, with congruity
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to the entire plant kingdom and beyond. Toge-
ther, studies have now successfully demonstrated
utilization of the S. italica and S. viridis pair for
(1) characterization of agronomic and
domestication-related traits (Fang et al. 2016;
Hodge and Kellogg 2016; Liu et al. 2016;
Mauro-Herrera and Doust 2016), (2) fundamen-
tal research pertaining to biological processes
and plant-microbe interactions (Li et al. 2015),
and (3) translational research related to bioenergy
traits, abiotic and biotic stress resistance path-
ways, nutritional pathways, and evolution of Cy4
versus Cj traits (Mandadi et al. 2014; Brutnell
et al. 2015; Martin et al. 2016; Pant et al. 2016).

However, for being a successful model,
availability of an efficient plant transformation
system is often the most limiting step for the
majority of the species (Gelvin 2003; Ceasar and
Ignacimuthu 2009). Ease of transformation
completely contributes the success of Arabidop-
sis and rice model systems. Therefore, develop-
ment of novel and efficient transformation
approaches and improvement of the existing
systems drive the key for the success of Setaria
as a model (Muthamilarasan and Prasad 2017).
Hence, deeper and detailed review of transfor-
mation studies in Setaria is the need of the hour.

9.3 In Vitro Culture: A Pre-requisite

Tissue culture procedure based on cellular
totipotency is not just a theoretical requirement—
it is essential for most of the current transfor-
mation procedures to achieve a workable effi-
ciency for gene transfer, selection, and
regeneration of transformants, although part of
the transformation protocol, the regeneration
step, is often the biggest hurdle. Setaria, in
common with other monocots, are also recalci-
trant and are difficult targets for regeneration as
well as for transformation. Although a few
reports are available on Setaria tissue culture, the
scientific community still encounters numerous
problems in obtaining the desired response. The
reason is that the morphogenic potential of
in vitro culture is determined by several factors,
such as age and physiological status of the
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explants, media composition, carbon source,
additional additives in the medium, culture con-
ditions, growth regulators, and the genotype of
the donor plants (Ceasar and Ignacimuthu 2008;
Sood et al. 2011). Thus, for an efficient use of
plant tissue culture techniques, a thorough
knowledge of the factors concerned is a
pre-requisite.

Plant regeneration from cell cultures proceeds
via two paths—somatic embryogenesis and
organogenesis. Somatic embryogenesis is the
formation of somatic embryos, bipolar structures
with the shoot and root meristems, either directly
from the explants or a de novo origin from callus.
Somatic embryogenesis has become an important
part of plant biotechnology research, as the
development of transgenic lines in several
important crops drives from the somatic
embryos. As plants are obtained from single
cells, they are mostly normal and lack any phe-
notypic or genotypic variations. With enhanced
understanding of the genetic and physiological
factors regulating zygotic and somatic embryo-
genesis, embryogenic cultures were successfully
obtained in a wide variety of species (Braybrook
et al. 2006). Somatic embryogenesis is the pre-
ferred mode of plant regeneration in the majority
of cereals and grasses because of the suitability
of the embryogenic calli for Agrobacterium-
mediated genetic transformation (Kumar et al.
2001), whereas organogenesis is the formation of
individual organs as shoots and roots either
directly on the explants, or de novo origin from
callus. However, comparatively, this is the less
preferred mode as cultures retain their morpho-
genetic potential for only a short time. Plant
regeneration through organogenesis is uncom-
mon in millets with reports only available on
finger millet and pearl millet (George and Eapen
1990; Jha et al. 2009).

Plant growth regulators play an essential role
in regulating the in vitro plant development
programmes. Factors such as the (1) type of plant
growth regulators, (2) sequence of their applica-
tion, and (3) exposure timings that determine
plant regeneration responses to a large extent
vary with the genotype and the species. The ease
with which plant material can be manipulated
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under in vitro conditions opens wide the path for
the development of different transformation
techniques followed by the recovery of trans-
genic plants. Another factor encountered during
tissue culture is the genotypic variations in cul-
ture response. Different genotypes of the same
species may respond differently, and conditions
favourable for one genotype may not be suitable
for another (Bhaskaran and Smith 1990). Hence,
selecting genotypes with high regeneration
potential is a great obstacle for biotechnological
improvement (Plaza-Wuthrich and Tadele 2012).

Furthermore, the type of explants used is also
important as it must be suitable for regeneration.
In vitro, culture responses vary with different
explants from a genotype because of differences
in their endogenous hormones level (Pal et al.
2012). A variety of explants such as immature
embryos, embryonic cultures, mature
seed-derived calli, meristems, excised leaf
blades, cotyledons, shoot apices, stem segments,
roots, and callus suspension cultures were used
as targets in Setaria for initiating regenerable
cultures. The success of the process to a large
extent depends on the age and physiological
status of the explant (Birch 1997). However,
explants with immature meristematic cells exhi-
bit more tendencies to develop a callus. The
selected explants must also have large numbers
of regenerable cells with longer regeneration
capacity.

The regeneration efficiency is also influenced
by the basic media composition as well as by the
additional supplements (such as vitamins, amino
acids, inorganic nutrients) added to the media.
The positive influence of casein hydrolysate,
proline, and glutamine on embryogenesis and
shoot regeneration was determined by a number
of workers in millets and cereals (Wang et al.
2011; Satish et al. 2016). Increasing CuSO, to a
threshold level (in some cases up to 10x) resulted
in enhanced embryogenic callusing and plant
regeneration in various millets (Kothari-Chajer
et al. 2008; Sharma et al. 2011). Copper sulfate,
being involved with several metabolic activities,
photosynthesis, and enzymes might be responsi-
ble for the response (Kothari-Chajer et al. 2008).
Additionally, AgNOs, a potent ethylene inhibitor,
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is also successfully employed in various studies,
thereby improving callus induction, somatic
embryogenesis, and regeneration as well as pre-
venting necrosis (O’Kennedy et al. 2004a).

Optimization and simplification of plant tissue
culture methods are therefore often required for
enhancing efficiency and reducing culture time.
Cells competent for regeneration as well as for
transformation are the successful targets for
raising transgenic plants (Potrykus 1991). The
few competent cells that receive the transgene
should quickly recover from the transformation
shock and must proliferate and regenerate into
complete plants (Sood et al. 2011). However, the
recovery of fertile transgenic plants is extremely
difficult. Therefore, for quite a long time, opti-
mization of factors governing plant regeneration
was the main focus of the monocot transforma-
tion researchers (Aulinger et al. 2003). Further-
more, optimized factors and phytohormone
treatments successfully increased the compe-
tency of recalcitrant explants toward transfor-
mation (Geier and Sangwan 1996). Following
this, many recalcitrant species were later turned
into a pool of successfully transformed plants
after identification of potential explants with
many regenerable cells and parameter optimiza-
tion for gene transfer to those cells, together with
tailoring selection and regeneration procedures to
recover transgenic plants. Transformation effi-
ciency thus directly depends on the tissue culture
and gene transfer efficiency (Li et al. 1996).

However, compared to other millets and
gramineous crops (namely barley, rice, maize,
sorghum, and wheat), there are very few suc-
cessful reports on regeneration in Setaria (Wang
et al. 2011).

9.3.1 Cellular Totipotency of Setaria

The first ever report on an in vitro study of foxtail
millet using anthers as explants was Ban et al.
(1971). Later, regeneration of plantlets using
immature inflorescences either directly or
through somatic embryogenesis was also repor-
ted by several researchers (Xu et al. 1983, 1984;
Yang and Xu 1985; Vishnoi and Kothari 1996;
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Wang et al. 2011). Immature inflorescences are
considered to be an important source of totipo-
tent cultures in S. italica (Xu et al. 1984; Yang
and Xu 1985). However, the use of immature
embryos or inflorescences as explants for in vitro
studies is constrained because of the need for
continuous growth of donor plants. Therefore,
regeneration competence of other explants such
as shoot apices (Osuna-Avila et al. 1995), leaf
base and mesocotyl (Rout et al. 1998), mature
seeds (Reddy and Vaidyanath 1990), and
immature glumes (Reddy and Vaidyanath 1988,
1990), or indirect regeneration through callus
using mature seeds (Rao et al. 1988; Satish et al.
2016) was also explored by several other
researchers. Shoot meristem-based regeneration
systems are generally genotype-independent with
high regeneration potential that can be extended
to different genotypes (Osuna-Avila et al. 1995;
Rashid 2003; Kishore et al. 2006). On the other
hand, mature embryos and seeds are preferred
because of their easy handling, storage, and
year-round availability. Additionally, the calli
induced from the scutellar tissue of mature seeds
are competent for regeneration as well as for
transformation. Plant regeneration systems were
also established for wild relatives of foxtail mil-
let, namely Setaria lutescens and Setaria glauca
(Xu et al. 1983; Diao et al. 1997). However, as
per the reports available in the literature, regen-
eration in Setaria is genotype and explant-
dependent that is driven by PGRs.

However, for S. viridis there was a report by
Brutnell et al. (2010) where they induced callus
from mature seeds following the protocol pub-
lished for S. italica and Brachypodium dis-
tachyon (Rao et al. 1988; Rout et al. 1998; Vogel
and Hill 2008). Later, Van Eck and Swartwood
(2015) claimed to have improved further the
Brutnell et al. (2010) protocol by making chan-
ges, thereby affecting callus quality and further
enhancing transformation efficiency. The in vitro
regeneration reports on Setaria are summarized
in Table 9.1.
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9.4 DNA Delivery Systems
in Setaria

Plant transformation is a targeted gene-based tool
that opened new possibilities to modify crops. It
has been used extensively for the study of plant
functional genomics, namely gene identification,
linking genes to biological functions, and inves-
tigation of genetically-controlled characteristics.
Gene transformation facilitates the introduction
of foreign genes into crop plants, diligently
developing new genetically-modified organisms
and contributing to an overall increase in crop
productivity (Sinclair et al. 2004). Furthermore,
transgenic technology has emerged as an essen-
tial resource for basic scientific research.

Gene transfer can be carried out through either
direct or indirect delivery systems. Direct meth-
ods are based on physical or chemical processes
to deliver naked DNA into the plant cell and are
classified as physical (electroporation, particle
bombardment, microinjection, liposome fusion,
silicon carbide fibers), chemical (PEG-mediated,
DEAE dextran-mediated, calcium phosphate
precipitation), or DNA  imbibition by
cells/tissues/organs (Newell 2000; Patnaik and
Khurana 2001). Of this microprojectile bom-
bardment, transfer into protoplasts and microin-
jection are commonly wused for plant
transformation. Direct delivery methods gained
importance as being suitable for both transient
and stable gene expression studies, even though
the frequency of stable transformation is low.
Most of the direct delivery methods were devel-
oped and emerged as a key for the successful
transformation of monocots or some legumes that
were considered to be outside the host range
of Agrobacterium. Among these methods,
biolistics/microprojectile bombardment devel-
oped as the most widely accepted, genotype-
independent plant transformation system that can
be used for diverse species, sub-cellular orga-
nelles, cells, protoplasts, pollens, embryos, callus,
organized tissues such as meristems, bacteria,
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Table 9.1 In vitro regeneration studies reported in Setaria

Plant species

Setaria
italica

Setaria
italica; S.
lutescens

Setaria
italica

Setaria
italica
Setaria

italica cv.
315; 212

Setaria
italica

Setaria
italica cv.
Nese 2A

Setaria
italica

Explant used
Anther

Young spike

Young
inflorescence

Suspension
culture

Mature seeds

Mature seeds
and immature
glumes

Shoot apices

Leaf base and
mesocotyl
derived from
10-day-old
seedling

Media used

Callus
induction and
sub-culture

Plant

regeneration

Rooting

Callusing

Callus
induction

Callus
sub-culture

Plant
regeneration

Cell suspension

Callus
induction

Callus
induction

Plant
regeneration

Callus
induction

Plant
regeneration

Callus
induction

Somatic
embryogenesis
and plant
regeneration

2,4-p (1 mg/L) + Kn
(1-2 mg/L)

IAA (2 mg/L) + Kn
(24 mg/L)

IAA (2 mg/L) + Kn
(0.002-0.1 mg/L)

BA (2 mg/L) or BA
(2 mg/L) + IAA

(0.2 mg/L) or 2,4-

D (2 mg/L) + Kn

(0.2 mg/L)

2,4-p (2 mg/L) +
BA/Kn (0.2-0.5 mg/L)
2,4-p (2 mg/L) +
BA/Kn (0.2-0.5 mg/L)
and NAA (2 mg/L) +
2iPA (0.2 mg/L)
alternate sub-culture
BA (2 mg/L) + NAA
(0.5 mg/L)

2,4-p (2 mg/L)

+ Coconut milk (5%)
2,4-p (2 mg/L) +

(0.5 mg/L) Kn

LS + 2,4-p (2 mg/L)

Kn (4 mg/L)

2,4-p (2 mg/L)

2,4-p (0.02 mg/L)

+ Kn (1 mg/L)

+ Casein hydrolysate
(0.2%)

2,4-p (3 mg/L) + Kn
(0.5 mg/L)

BA (1 mg/L) + Kn
(1 mg/L) + 2,4-p
(0.5 mg/L)

Response

Pollen derived callus and
Plant regeneration

In vitro regeneration

Plant regeneration through
indirect somatic
embryogenesis

Somatic embryogenesis
and plant regeneration

Callusing and plant
regeneration; Cv. 315 more
competent for regeneration

Callus and plant
regeneration

Callus and plant
regeneration

Nickel tolerant cell lines
developed; plant
regeneration via indirect
somatic embryogenesis
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Reference

Ban et al.
(1971)

Xu et al.
(1983)

Xu et al.
(1984)

Yang and Xu
(1985)

Rao et al.
(1988)

Reddy and
Vaidyanath
(1990)

Osuna-Avila
et al. (1995)

Rout et al
(1998)

(continued)
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Table 9.1 (continued)
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Plant species | Explant used | Media used Response Reference
Setaria Immature Callus 2,4-p (2 mg/L) + Improved plant Wang et al.
italica cv. inflorescences = induction L-Proline (1 mg/L) + regeneration for (2011)
Jigu 11 Casein acids hydrolysate = subsequent transformation
(800 mg/L) + AgNO;
(5 mg/L)
Plant BA (2 mg/L) + NAA
regeneration (0.5 mg/L) + L-Proline
(1 mg/L) + Casein acids
hydrolysate (800 mg/L)
Rooting %2 MS + L-Proline
(1 mg/L) + Casein acids
hydrolysate (800 mg/L)
Setaria Mature seeds | Callus 2,4-p (3.5 mg/L) Addition of amino acids, Satish et al.
italica induction sucrose, maltose and (2016)
genotypes Callus 240 (3.5 mg/L) + Kn cefotaxime increase.d the
‘CO5’, sub-culture (1 mg/L) + NAA frequency of Sf)matlc
‘Co7’, embryo induction,
(1 mg/L) .
‘TNAU43’ maturation and plant
and ‘RS118’ Somatic 2/4-p (3.5 mg/L) + Kn regeneration in all the four
embryogenesis | (1 mg/L) + NAA genotypes
(1 mg/L) + Pro
(750 mg/L) + Gly
(2.0 mg/L) + Arg
(150 mg/L) + CEH
(800 mg/L)
Somatic BA (3 mg/L) +
embryos 2,4-p (0.2 mg/L),
maturation and | 750 mg/L Pro + Gly
plant (2.0 mg/L) + Arg
regeneration (150 mg/L) + CEH
(800 mg/L)
Rooting 2 MS

fungi, and even animal cells (Altpeter et al. 2005).
They allow the transfer of multiple transgenes and
large DNA fragments in the target tissue, though
DNA integrity is a concern (Barampuram and
Zhang 2011). Furthermore, easy handling and
regeneration of multiple transformants from one
shot favors the method. Moreover, different fac-
tors varying from genotype, physiological age,
explant, pre- and post-culture period and treat-
ments, and the composition of the culture medium
are key regulators driving transformation effi-
ciency. In addition, parameters such as bom-
bardment chamber vacuum pressure, acceleration
pressure, the number of bombardments, density
and size of microparticles, DNA-micro-particle

preparation, and distances such as macro-carrier
flight and target, also affect biolistic-mediated
transformation efficiency.

Although the biolistic-mediated approach has
been successfully used for producing a number
of transgenic crops, thereby giving significant
impact to agricultural biotechnology, it is defi-
nitely not a panacea. Several distinctive factors
such as transgene silencing caused by the pres-
ence of multiple copies of introduced genes,
inability to regenerate plants after bombardment,
inefficiency in yielding stable integration events,
labour intensive recovery of large numbers of
independent transformation events, and high cost
limit the utility of this method. In addition, the
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recalcitrance of many plant species, especially
monocots, for efficient regeneration from proto-
plasts, low transient expression of transgenes,
and prolonged tissue culture phases are other
disadvantages associated with direct gene deliv-
ery methods that employ protoplasts.

On the other hand, some indirect methods are
vector-based that employ Agrobacterium tume-
faciens or Agrobacterium rhizogenes for gene
transfer into the target cells. Agrobacterium-
mediated approach is a preferred mode because
of stable and simple integration of single or few
copies of transgene with little or no rearrange-
ment (Dai et al. 2001; Travella et al. 2005),
transfer of larger DNA segments into recipient
cells (Hamilton et al. 1996), high transformation
efficiency (Ishida et al. 1996; Zhao et al. 1998),
and avoiding mosaicism/chimaeras that are
common when direct methods transform intact
organs. This method is, thus, not associated with
problems of transgene instability, gene silencing,
and/or co-suppression (Hansen et al. 1997).
Advances in transformation methods have
extended the use of Agrobacterium-mediated
approaches for several important monocotyle-
donous crops, including major cereals and
legumes, although the efficiency of gene transfer
is still unsatisfactory (Nadolska-Orczyk et al.
2000; Koichi et al. 2002). Cells competent for
transformation are often not competent for
regeneration and vice versa. Agrobacterium-
mediated transformation is highly cultivar—de-
pendent, thus limiting to a narrow range of
genotypes within a species (Nam et al. 1997).

However, research on transgenesis in millet,
especially for Seraria, is very limited when
compared to other staple cereals. Among the
different reports available for millet transforma-
tion, biolistics and Agrobacterium-mediated
methods are the most explored. Optimization of
various factors ranging from genotype to explant,
Agrobacterium strain, and binary vector, a
selectable marker, promoter, co-cultivation con-
ditions, and media could be helpful in millets
transformation (Dosad and Chawla 2016). The
Agrobacterium transformation system, being
highly cultivar-specific, depends on the screening
of most responsive genotypes for tissue culture
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that is also important for subsequent transfor-
mation. Selection of elite genotypes of millets
would, thus, enhance their transformation effi-
ciency. Furthermore, the use of the appropriate
Agrobacterium strain that varies with plant spe-
cies and cultivar also influences the transforma-
tion efficiency. Most of the millet transformations
reported the use of Agrobacterium strains
EHA101, LBA4404, and derivatives of EHA101
(namely EHA105, AGLO, and AGLI)
(Plaza-Wuthrich and Tadele 2012). LBA4404 is
comparatively superior to EHA105 for the
transformation of immature inflorescence-
derived calli of millets (Wang et al. 2011).
Among promoters, CaMV35S, actin, and ubiq-
uitin are commonly used for driving gene
expression in various millets such as finger mil-
let, pearl millet, and foxtail millet (Wang et al.
2011; Saha and Blumwald 2016). The use of
tissue-specific and inducible promoters is also
successfully investigated. Furthermore, the
choice of proper selectable marker genes is also
important. The most common selectable markers
are hygromycin phosphotransferase (hptll), neo-
mycin phosphotransferase (nptll), and bar gene
for millet transformation studies (Girgi et al.
2002; Ceasar and Ignacimuthu 2011; Sharma
et al. 2011). A few recent studies also reported
the use of phosphomannose isomerase (manA)
and modified alpha-tubulin gene in pearl millet
and finger millet, respectively (O’Kennedy et al.
2004b; Yemets et al. 2008). Use of antioxidants
such as DTT and L-cysteine in the co-cultivation
media and co-cultivation temperature at a range
of 22-28 °C is shown to influence transforma-
tion efficiency of foxtail millet transformation
(Wang et al. 2003; Liu et al. 2005, 2007).
Therefore, optimization of various factors is
crucial for developing high-throughput Setaria
transformation systems.

9.4.1 Biolistic-Mediated

Transformation of Setaria

Transformation studies reported in foxtail millet
use both biolistic- (Dong and Duan 1999, 2000;
Liu et al. 2009) and Agrobacterium tumefaciens-
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mediated approaches (Liu et al. 2005, 2007;
Wang et al. 2011). Although the biolistic
approach is extensively exploited for cereals, it
still lags far behind for Setaria with only very
few reports available. Diao et al. (1999) reported
a detailed study of various factors affecting
microprojectile bombardment-mediated transfor-
mation of immature inflorescence-derived calli.
Later, foxtail millet transgenic plants were
developed by bombardment of pollen and
inflorescence, although the protocol exhibits very
low transformation efficiency (Dong and Duan
1999, 2000). Another study reported the use of
plasmids, namely pROKf40s, pROKf40an, and
pROKTf40i for microprojectile bombardment of
SiPf40 in floret-derived embryogenic calli of
foxtail millet (Liu et al. 2009). However, for S.
viridis no report is available on transgenic
development using any of the direct delivery
methods.

9.4.2 Agrobacterium tumefaciens-
Mediated Transformation
of Setaria

The first report on Agrobacterium-mediated
genetic transformation of foxtail millet was made
by Liu et al. (2005). The kanamycin selected
putative transformants were then screened by gus
gene expression followed by confirmation with
Southern hybridization. The authors report
transformation efficiency of 6.6% for the proto-
col. Later, in 2007 Liu et al. reported an ample
study investigating several different parameters,
namely genotype, explant source, inoculation
time, and co-cultivation duration affecting
Agrobacterium-mediated transformation of fox-
tail millet. Qin et al. (2008) developed foxtail
millet Si401 transgenic lines through Agrobac-
terium-mediated transformation of panicle-
derived calli following the protocol of Liu et al.
(2005). The Si401, a pollen specific gene, was
cloned in pBIN19 wunder the control of
pollen-specific promoter of maize (Zml3) and
transformed to LBA4404. Silenced Si401 foxtail
millet transgenic lines showed multiple
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abnormalities during anther development, such
as premature degeneration of tapetum, pre-
deposition of fibrous bands in endothelium
cells, followed by aborted pollen grains. The
study demonstrated the role of Si40] in devel-
oping male-sterile plants, breeding foxtail millet
hybrid varieties, and uncovering the molecular
pathway of cereal anther development. Wang
et al. (2011) further optimized the Agrobac-
terium-mediated transformation system of foxtail
millet reported by the same group in 2003. The
study reported a more detailed, efficient, and
reproducible callus induction and plant regener-
ation system from immature inflorescences.
Several factors affecting transformation effi-
ciency such as Agrobacterium strain, callus age,
co-cultivation temperature, and media composi-
tion were investigated in detail. The optimized
method was then successfully used to transform
foxtail millet with an efficiency of 5.5% with
SBgLR gene from potato which encodes a
lysine-rich protein. Lately, Wang et al. (2014)
over-expressed SiLEAI4, a homolog of the late
embryogenesis abundant (LEA) proteins in fox-
tail millet following the protocol of Qin et al.
(2008) and Wang et al. (2011). SiLEAI4 trans-
genic lines showed improved growth and
enhanced salt/drought tolerance. Furthermore, Li
et al. (2014, 2017) functionally validated the
SiARDP and SiASR4 genes, respectively, in
foxtail millet using the protocol of Wang et al.
(2011). Together, these studies reveal that both
SiARDP and SiASR4 play a critical role in plant
adaption to abiotic stresses via an ABA-
dependent pathway.

The first preliminary report on the genetic
transformation of S. viridis by the Agrobacterium
tumefaciens-mediated method came only
recently by Brutnell et al. (2010). They estab-
lished a transformation protocol for both tran-
sient and stable transgene expression in
accession A10 of S. viridis. Transgenic lines (TO)
harboring gus gene were developed from
seed-derived calli. Transient expression of
plastid-localized YFP fusion protein was shown
in leaves inoculated with AGLI strain harboring
pPTN469 vector. Similarly, another study by
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Van Eck and Swartwood (2015) reported
Agrobacterium-mediated transformation of calli
derived from seeds with a transformation effi-
ciency of about 5%.

9.4.3 Alternative Genetic
Transformation Methods

Although biolistic and Agrobacterium-mediated
DNA delivery methods have been in routine use
for plant transformation, a large number of crops
still remain unexplored. Furthermore, these
methods are laborious and require long tissue
culture phases that lead to somaclonal variations
and morphological deformities (Lin et al. 2009;
Bairu et al. 2011). Also, most of the plant species
are highly recalcitrant to in vitro regeneration
(Benson 2000). The subsequent technical chal-
lenge is thus to reduce time and labor for plant
engineering. The ideal solution would be to
develop alternative methods that minimize or
eliminates the in vitro culture steps and generate
high-frequency transformants with predictable
and precise transgene expression without collat-
eral genetic damage (Birch 1997). Among alter-
native methods, in planta transformation holds
extensive significance as it reduces labor cost, is
less time consuming, and eliminates or reduces
the tissue culture phase, is thereby free of
somaclonal variations and follows a simplified
protocol. This is termed in planta transformation
as transgenes are usually transferred into intact
plants as naked DNA or through Agrobacterium.
In planta transformation protocol involves vac-
uum infiltration, floral dipping, and spraying.
The vacuum infiltration method is now routinely
used as it enables the access of Agrobacterium to
deeper plant cells (Bechtold et al. 1993). The
vacuum applied generates negative pressure that
decreases the air spaces between the plant cells,
whereby increase in pressure transfers infiltration
medium supplemented with transformation vec-
tor into the plant tissue. This method is now
routinely used for enhancing in planta transfor-
mation efficiency in various crops (Lin et al.
2009; Bai et al. 2013; Mayavan et al. 2013). The
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floral dip method simply involves dipping of
flowering plants into a medium containing the
Agrobacterium harboring the desired vector with
a transgene (Clough and Bent 1998). Floral spray
transformation involves spraying (up to three
times a day) bolting plants with infiltration media
from a distance of 20-30 cm above the plant
(Chung et al. 2000). However, alternative meth-
ods such as the application of a DNA-pollen
mixture to stigmatic surfaces, directly injecting
DNA into axial placenta or floral tillers, and
direct imbibition by seeds are also reported, but
are still impractical because of low repro-
ducibility (Zhou et al. 1983; Langridge et al.
1992; Trick and Finer 1997; Hansen and Wright
1999).

The feasibility of the in planta floral-dip
Agrobacterium-mediated genetic transformation
method in S. viridis was confirmed by Martins
et al. (2015) and Saha and Blumwald (2016).
Transgenic lines were obtained by vacuum
infiltrating the boot stage spikes of 1-month-old
S. viridis plants for 10 min with bacterial sus-
pension harboring the pANIC 6A (Martins et al.
2015). The method reported a transformation
efficiency of 0.6%. Unfortunately, the method
lacked reproducibility, required prior optimiza-
tion, and had low transformation efficiency. Saha
and Blumwald (2016) came up with a more
efficient and optimized rapid spike dip method
that enables the high-throughput transformation
of S. viridis. Different genotypes of S. viridis
were transformed with five different reporter
gene constructs for stable transformation as well
as transient gene expression assay using the
optimized protocol. Transgenic lines were
developed at an efficiency of 0.8 £ 0.1% after
dipping 5-day-old S3 spikes in a suspension of
Agrobacterium supplemented with silwet L-77
(0.025%) and acetosyringone (200 puM). Stable
transgenic lines (T1) were obtained within a
timeframe of 8-10 weeks. Furthermore, the
transgene expression and inheritance was also
monitored over generations. The in planta
methods reported obviate the necessity of tissue
culture phase, thereby accelerating the pace of
translational research in a monocot model plant.
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9.5 Conclusion and Future
Perspectives

The weedy green foxtail (S. viridis) and domes-
ticated foxtail millet (S. italica) promise to be
very informative model species. These models
could be used to unravel studies related to arti-
ficial selection, C4 evolution, comparative grass
genomics, abiotic stress tolerance, and biomass
production in the Panicoid grasses. Both these
species hold their exclusive study advantages.
Green foxtail plants are comparatively much
smaller and can flower when it is just six inches
tall with a seed to seed life cycle of 6-8 weeks,
whereas foxtail millet is a proper crop so the
plants are relatively taller with a longer genera-
tion time of about 4 months. Furthermore, being
drought- and cold-tolerant can serve as a vast
resource of abiotic stress tolerance genes. In
common, Setaria’s location in the phylogenetic
tree is very important, and, with respect to rice,
close enough to allow small conserved regulatory
sites to be easily recognized but far enough apart
to enable randomization of functionless sequen-
ces. Furthermore, they are the closest relatives of
switchgrass and the invasive weed guinea grass
(Panicum maximum) and, being in the sister tribe
to Andropogoneae (which includes sorghum,
maize, sugarcane, and Miscanthus), it can serve
as a valuable outgroup. Furthermore, the Pan-
iceae clade contains members from all three
subtypes of C4 photosynthesis. C4 photosynthe-
sis originated multiple times within grasses with
independent evolution in Panicoideae (Sinha and
Kellogg 1996), so insight is expected. However,
several issues need to be addressed to enable
Setaria to act as an Arabidopsis for the Panicoid
grasses. The one major hurdle yet to overcome,
however, is transformation. The ease and effi-
ciency of transformation would definitely deter-
mine the utility of these model species.
Although few transformation reports are
available, scientists still find it difficult, so there
is always a continuous quest to find more effec-
tual and economic transformation methods. The
major hindrance to functional validation studies
is the speed and efficiency of transformation.
Conventional transformation methods through
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the tissue culture phase require technical exper-
tise and a long time-period, and they are costly
and involve somaclonal variations. However,
recent reports on the floral dip method in S.
viridis (Martins et al. 2015; Saha and Blumwald
2016) offer a simple protocol that is rapid and
low cost. With the availability of in planta
transformation reports that it is comparable to the
floral dip of Arabidopsis, it is expected that it
would facilitate the high-throughput transforma-
tion of S. viridis. This would further speed up the
genetic and genomic studies of important food—
feed—fiber—fuel crops. However, transgene
expression in some plant parts needs further
optimization.

However, an attempt to optimize a highly
efficient transformation method for S. italica is
still on the way. All recent reports on functional
validation of genes in S. italica used the protocol
of Wang et al. (2011) only. The method gave a
transformation efficiency of 5.5%, which is not
reasonable for a model plant. Therefore, the
focus should be toward making improvements to
the widely used existing tissue culture-based
transformation methods together with finding the
probability for in planta approaches. Parallel
research for enhancing regeneration followed by
transformation of a wide range of target tissues
and genotypes is urgently needed. Factors
influencing the in vitro response of target tissues
need a deeper understanding. Approaches for
simplifying and shortening the tissue culture
phase by manipulating cell and tissue develop-
ment are of interest and should be explored.
Furthermore, genotype-independent methods
must be developed for widening its applicability.
Transformation parameters must be optimized
for each biological target employed. Use of plant
genes concerned with dedifferentiation, wound
response, and/or homologous recombination that
improves the recovery of transformed plants
should be enhanced (Altpeter et al. 2016).
Moreover, understanding factors affecting
Agrobacterium-mediated transformation would
further help in the optimization of transforma-
tion. The use of other microbes such as Rhizo-
bium spp. and Ensifer adhaerens could facilitate
the transformation of various crop plants
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(Broothaerts et al. 2005; Zuniga-Soto et al.
2015). Several genome-wide studies have
recently been executed in Setaria crops which
have identified interesting candidate genes with
roles in molecular stress response (Muthamila-
rasan et al. 2014a, b, ¢, 2015a, b, 2016b), and
these genes are awaiting over-expressions studies
in foxtail millet. Together with efficient and
improved traditional transformation approaches,
the in planta method could be a boon for the
Setaria scientific community. Determining fac-
tors such as infiltration medium and method,
stage of plant growth and development, surfac-
tant concentration, and Agrobacterium strains
could be important for in planta transformation
optimization. These methods would rapidly has-
ten the genetics and genomics study in Setaria
and enable translation of the basic understanding
of plant biology to crop improvement of Pooid
and Panicoid, agriculturally the most important
clades of grasses (Brutnell et al. 2015). There-
fore, in conclusion, it can be said that these
model species hold tremendous potential as an
agricultural solution for a world facing climate
change with limited natural resources.
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Abstract

Global population is burgeoning at an alarming rate and is expected to
reach 9.7 billion by 2050 and 11.2 billion by the end of this century. This
has led to immense pressure on global agriculture, compounded by
dwindling productivity of the existing systems and acreage because of
climate change, resulting in ever-increasing input costs for the cultivation
of most resource-intensive cereal crops such as rice, wheat, and maize.
Ironically, the most affected populations are those with least resources to
mitigate the problem—those belonging to Asian and Sub-Saharan Africa.
It is against this backdrop that there is an ever-increasing need for
adopting cereal crops that are easy to cultivate, less resource hungry,
climate resilient, and importantly, that meet the major nutritional
requirement of the feeding population. Foxtail millet is a perfect cereal
crop in this light and stands to help significantly global endeavors toward
food security and nutrition. The present chapter provides a comparative
nutritional assessment of foxtail millet with other cereal crops, summarizes
the major scientific approaches currently being undertaken for its
biofortification and highlights potential avenues of crop improvement
using conventional breeding, genomics, and other interdisciplinary “omic”
tools.

10.1 Introduction
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with the growing population and climate change,
input costs for growing  conventional
resource-intensive cereal crops such as rice,
wheat, and maize have risen, rendering them
unreachable to many poor feeding populations in
Asia and Sub-Saharan Africa. Furthermore, such
crops are unable to meet major nutritional
requirements for the great majority of the popu-
lation (Deaton and Dreze 2009) and are suscep-
tible to key biotic and abiotic stresses (Lata et al.
2013). Nearly half of the world’s population,
mainly from sub-Saharan Africa and Asia, suffer
from malnutrition because of their reliance on
conventional cereal crops (White and Broadley
2005; Hirschi 2009; Zhao and McGrath 2009).
Stunting and below-average weight are two
common symptoms of malnutrition, which affect
children more than adults. Worldwide, 161 mil-
lion adults and 99 million children below the age
of 5 years are projected to have stunted growth
and below-average weight, respectively. Fur-
thermore, almost half of such stunted and
two-third of below-average-weight children live
in Asia and one-third of such children live
in Africa (http://data.unicef.org/nutrition/
malnutrition). Unfortunately, about half of the
mortality in such children is attributed to mal-
nutrition worldwide (Black et al. 2013). India
accounts for the highest population of malnour-
ished children (Jayachandran and Pande 2013).
Millets, commonly known as “small seeded
grasses”, are an agronomically important C4
cereal crop within the grass subfamily pani-
coideae, which include maize, sorghum, finger
millet, kodo millet, proso millet, barnyard millet,
and little millet. They are widely cultivated in
sub-Saharan Africa and Asia as well as in
Argentina and USA (Dwivedi et al. 2011).
Among them, foxtail millet [Setaria italica (L)]
is the second largest crop after pearl millet
[Eleusine coracana (L.) Gaertn] cultivated for
food in Asia and as forage crops in Europe,
North America, Australia, and North Africa
(Austin 2006; Muthamilarasan and Prasad 2015).
They are known to be more nutritive than rice or
wheat as their seeds contain a relatively higher
amount of proteins, essential amino acids, major
nutritionally important elements such as iron,
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zinc, phosphorus, potassium, calcium, and vita-
min B (Hegde et al. 2005; Saleh et al. 2013).
Furthermore, millets are better adapted to climate
change as they can thrive efficiently under min-
imal conditions of soil fertility, moisture, and
higher temperature (Lata et al. 2013; Bergamini
et al. 2013)

In addition to requiring higher resource inputs
for their cultivation and being nutritionally
poorer, most conventional cereal grains (such as
rice and wheat) have higher glycemic indices
(GI) (leading to hyperglycemia upon consump-
tion) than millets. WHO estimates that 422 mil-
lion people worldwide have diabetes with an
estimated 3.7 million deaths caused directly or
indirectly by high blood glucose in 2012. Inter-
estingly, a majority of such cases were accounted
for by middle- and low-income countries (http://
www.who.int/mediacentre/factsheets/fs312/en/).
Despite many innovative and useful measures
that have been taken to contain this menace (such
as supplementary diets, immunization, and life-
style changes), a comprehensive solution to the
problem is yet to be realized. The introduction of
low-GlI, nutritious, cheap alternative stable food
appears to be the most viable and potent
approach to address the problem, wherein millets
stand to play a big role.

In view of the above, the present chapter
highlights the most salient features of foxtail
millet of use in addressing the pressing issues of
food security, climate change, human nutrition,
and stress resilience confronting today’s agricul-
ture. The chapter discusses the nutritional com-
petence of the crop for human and forage
requirements as well as its potential role in facil-
itating crop improvement efforts through con-
ventional breeding and transgenic approaches.

10.2 Nutritional Profile of Foxtail
Millet

Nutritionally, foxtail millet has a higher nutritive
worth than major cereals such as wheat and rice
(Parameswaran and Sadasivam 1994). It has a
higher content of essential amino acids (apart
from lysine and methionine), phytochemicals and
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micronutrients (Mal et al. 2010; Singh and
Raghuvanshi 2012) and antioxidants compared
to non-millet cereals and are hence called “nu-
tricereals.” Among many contributors to human
nutrition, minerals play a significant part. They
are indispensable for human growth and devel-
opment and are divided into two groups—major
and trace. The former constitutes sodium,
potassium, calcium, phosphorus, magnesium,
sulfur, and chloride which are required in large
amounts and the latter consists of copper, fluor-
ide, zinc, iron, chromium, selenium, iodine,
molybdenum, and manganese, which are all
required in small amounts. Interestingly, and
despite the recent focus on different aspects of
the nutritional value of minerals, evaluation of
the mineral composition of millet grains has not
yet been reported. Foxtail millet (cultivar
‘RAU-8’) has been reported to possess the
maximum amount of seed proteins among all
millets (Chandel et al. 2014). Furthermore,
among millets, foxtail millet has one of the
highest contents of protein, fat, ash, crude fiber,
thiamine, and riboflavin (Table 10.1). The sub-
sequent sections elaborate on the nutritional
profile and associated benefits in foxtail millet as
a “nutricereal.” In millets, the grain is mostly
eaten by humans and the leaves are mostly used
for fodder. There are three major parts in grain,
namely endosperm, germ, and bran; and each of
these three parts is nutritionally different in the
same crop as well as in different crops.
Table 10.2 shows nutrient profiling of different
parts of grain in two important millets—sorghum
and pearl millet. Sorghum grain is rich in niacin,
riboflavin, and pyridoxine, with negligible
quantities of calcium and phosphorus. Pearl
millet grain has very high calcium and phos-
phorus contents (Table 10.2).

10.2.1 Proteins

Proteins provide raw materials for general and
essential amino acids. Millet grains are rich
sources of seed storage proteins (SSPs) and are
primarily used to facilitate seed germination
following embryo development. Interestingly,

125

they are rich in all essential amino acids except
lysine and threonine, although sulfur-containing
amino acids such as methionine and cysteine are
present more abundantly. Their quantity and type
are best suited for human consumption. The
alcohol-soluble SSPs, namely the prolamins,
constitute almost half the total protein content in
millets wherein alpha-prolamins constitute a
major component in all millets (Utsumi 1992).
Within millets, proso millet and foxtail millet
have the highest grain protein content and a
recent study on the foxtail cultivar RAU-8 indi-
cated that the crop has 13.1% more protein
(Table 10.1) than other millets. Furthermore,
foxtail millet has the highest concentration
(milligrams per gram) of leucine and isoleucine
and the second highest concentration of pheny-
lalanine and valine among all the millets, and
consistently higher amounts of the majority of
essential amino acids when compared to rice and
wheat (Table 10.3).

In several cereal grains, including millets,
grain protein content is inversely proportional to
grain yield, grain weight, and starch content and
is positively correlated with ash content (Frey
1977; Subramanian and Jambunathan 1980).
Grain protein is affected by the level of nitrogen
fertilizer and higher nitrogen fertilizer increased
grain protein content but render them with poor
quality because of the increased accumulation of
prolamin (Sawhney and Naik 1969).

Based on solubility, grain protein can be clas-
sified into four categories: (1) water soluble,
albumin; (2) soluble in dilute salt solution, glob-
ulin, (3) alcohol soluble, prolamin, and (4) ex-
tractable in dilute alkali or acid solutions, glutenin.
Different soluble fractions of important millets are
given in Table 10.4. Pearl millet has a higher level
of albumin; however, sorghum has a higher level
of cross-linked prolamin, -prolamin.

10.2.2 Vitamins

Vitamins are an essential external dietary
requirement and are critical for regulating human
physiology. Millets are rich sources of the many
vitamins, and the same is especially true for
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Table 10.5 Profile of vitamins (mg/100 g) among millets and non-millet cereals

Crop Thiamine Niacin Riboflavin
Foxtail millet 0.59 32 0.11
Proso millet 0.41 4.5 0.28
Finger millet 0.42 1.1 0.19
Little millet 0.3 32 0.09
Barnyard millet  0.33 4.2 0.1
Kodo millet 0.15 2 0.09
Sorghum 0.38 43 0.15
Bajra 0.38 2.8 0.21
Rice 0.41 43 0.04
Wheat 0.41 5.1 0.1

foxtail millet grains. The crop has the highest
concentrations of thiamine and vitamin E among
millets and rice/wheat, with consistently higher
amounts of other vitamins except for vitamin B6
(Table 10.5). However, millets lack vitamin A
(although some foxtail millet and finger millet
yellow endosperm contain small amounts of
13-carotene, a precursor of vitamin A) and vita-
min C. Carotenoids isolated from sorghum are
known to contain lutein, zeaxanthin, and B-car-
otene ranging from 0 to 0.097 mg/100 g of grain
(Blessin et al. 1958).

10.2.3 Macronutrients and Trace
Elements

Phosphorus is an important structural component
of all nucleic acids and cell membranes and is
involved in many of the crucial signaling and
regulatory processes along with calcium. Foxtail

Carotene Vit B6 Folic acid Vit BS Vit E
32 - 15 0.82 31
0 - - 1.2 -
42 - 18.3 - 22
_ 9 _ _
- 23.1 - -
47 0.21 20 1.25 12
132 - 45.5 1.09 19
0 - 8 - -
64 0.57 36.6 - -

millet has the highest grain phosphorus content
(422 mg/100 g) (Table 10.6). Millets are also
good sources of trace elements. Recent studies on
Zn and Fe content in millets have revealed that
foxtail millet is one of the richer sources of these
at 29 and 5.3 mg/100 g grain, respectively
(National Institute of Nutrition 2007). It is not
surprising that millets, in general, have consis-
tently overall higher contents of major minerals
and therefore stands to supplement our traditional
food regimes efficiently.

10.2.4 Starch

Starch is the main carbon and energy source in the
human diet (James et al. 2003). Two fractions of
this component, namely amylose and amylopectin,
get converted to simple sugar molecules following
the digestive process. Based on the ease of digestion
of starch in the human gut, starch is categorized as

Table 10.6 Micronutrient concentration in millets (mg/100 g dry mass)

Crop P Mg Ca Fe

Pearl millet 379 137 46 8.0
Finger millet 320 137 398 39
Foxtail millet 422 81 38 53
Proso millet 281 117 23 4.0
Little millet 251 133 12 139
Barnyard millet 340 82 21 9.2
Kodo millet 215 166 31 3.6

Zn Cu Mn Mo Cr

3.1 1.06 1.15 0.07 0.023
23 0.47 5.49 0.10 0.028
2.9 1.60 0.85 - 0.070
24 5.80 1.20 - 0.040
35 1.60 1.03 - 0.240
2.6 1.30 1.33 - 0.140
1.5 5.80 2.90 - 0.080
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Table 10.7 Composition of soluble sugars in millets (in g/100 g dry weight)

Grain Total sugar Sucrose
Sorghum 2.25 (1.3-5.2) 1.68 (0.9-3.9)
Pearl millet 2.56 (2.16-2.78) | 1.64 (1.32-1.82)

0.65 (0.59-0.69)
0.46

Proso millet -

0.22 (0.20-0.24)
0.15

Finger millet

Foxtail millet

rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch (RS) (Englyst
et al. 1992). Furthermore, digestibility of starch
depends on several factors such as the surface area
of the starch particle and the ratio of amylase to
amylopectin. Lower surface area and amylose
content facilitate better digestibility of sorghum
starch, and although the major non-millet seeds are
rich in RDS, foxtail and other millets are surpris-
ingly rich in RS and SDS. This has huge implica-
tions toward addressing and controlling the
unusually higher GI contributed by RDS present in
non-millet cereals. Supplementation of stable cereal
with foxtail millets ensures slow, and consistent
release of glucose, thereby preventing a postpran-
dial spike in blood glucose, plasma cholesterol and
triglyceride contents, increase in fat storage, and
general insulin sensitivity (Higgins 2004). Exami-
nation of defatted white and yellow foxtail millet
revealed their RS content to be as high as 13.35 and
14.56%, respectively (Bangoura et al. 2012;
Fincher 1989). In sorghum, total starch content
ranged from 56 to 73%; of this, 70-80% was
amylopectin and 20-30% amylase (Jambunathan
and Subramanian 1988; Deatherage et al. 1955).
Waxy and sugary sorghum contain 0 and 5-15%
amylose content, respectively (Ring et al. 1982;

Ta'ble 10.8 'Major fat.ty Crop Palmitic

acid composition of millets

and non-millet cereals Foxtail millet  6.40
Proso millet -
Finger millet  —
Little millet -
Sorghum 14.0
Bajra 20.85
Rice 15.0
Wheat 24.50

Glucose + fructose
0.25 (0.06-0.74)
0.11 (0.08-0.16)
0.16 (0.14-0.19)
0.1

0.66 -

Raffinose Stachyose

0.23 (0.10-0.39) 0.1 (0.04-0.21)
0.71 (0.65-0.84)  0.09 (0.06-0.13)
0.07 (0.06-0.08) —
0.04 -
0.08 -

Deatherage et al. 1955; Singh and Axtell 1973).
Water-soluble polysaccharides are also available in
sorghum grains in sufficient quantity (21%). In
pearl millet and finger millet, starch content ranged
from 62.8 to 70.5% (Jambunathan and Subrama-
nian 1988) and 59.5-61.25% (Wankhede et al.
1979), respectively. The composition of soluble
sugar in millets is given in Table 10.7 (Subrama-
nian et al. 1980, 1981; Murty et al. 1985; Becker
and Lorenz 1978).

10.2.5 Lipids

Lipids serve important functions which involve
major physiological, regulatory, and storage
processes in the cell. Lipid fraction in seeds is
primarily contributed by germ and aleurone lay-
ers (Rooney and Serna-Saldivar 1991). Foxtail
millet is a rich source of stearic and linoleic
acids, which are relatively sparse in other millet
and non-millet cereals (Table 10.8). In an inter-
esting study, fatty acid and lipid composition of
glutinous and non-glutinous varieties of foxtail
millet were compared to reveal that linoleic acid
comprises almost 75% of the total fatty acids in
them (Sridhar and Lakshminarayana 1992). It

Palmoleic | Stearic | Oleic | Linoleic | Linolenic
- 6.30 13.0 66.50 -

10.80 - 53.80 | 34.90 -

- 2.10 31.0 49.0 2.70

- - 2540 46.0 4.10

- 1.90 42.50 1 39.10 1.10
0.80 1.00 11.50 | 56.30 3.70
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was found that the main differences between
glutinous and non-glutinous types are caused by
differences in their stearic and arachidic acid
compositions (Sridhar and Lakshminarayana
1992). Furthermore, foxtail millet bran oil is rich
in palmitic (16.7%), oleic (24.7%), and linoleic
(45.7%) acids (Krishnappa 2009).

10.3 Genetic Approaches
for Micronutrient Enrichment
in Crops

To provide for optimum dietary consumption of
all important vitamins and minerals and also to
increase the consumption of beneficial phyto-
chemicals, scientists have turned to the study and
manipulation of specific components of plant
secondary metabolism. Such research is primar-
ily aimed at augmenting the availability of the
target compound within the staple crop up to the
desired dietary levels by identification and suit-
able manipulation of relevant genes (Della Penna
1999). Such strategies rely heavily on the suit-
ability of target compounds, their effectiveness,
and whether their increased uptake will have any
undesirable effects on humans. Interestingly, for
specific vitamin (folate, vitamins E, B6, and A)
and mineral (iron, calcium, selenium, and iodine)
targets, the upper safe levels are much higher and
2-13 times that of RDA respectively, thereby
allowing a greater window for manipulation
(Lachance 1998; Della Penna 1999). Interest-
ingly, provitamin A carotenoids (furnished by
plants as B-carotene) has an upper safe level 100
times that of the RDA, thereby alleviating the
risk of over-accumulation of vitamin A (retinol),
for which the upper safe limit is only five times
that of the RDA. Genetic manipulation strategies
would, therefore, require augmenting provitamin
A biosynthesis in plants rather than concentrating
on vitamin A biosynthesis. Similar approaches
may be undertaken in selecting other nutrition-
ally important compounds for manipulation to
minimize and entirely evade potentially adverse
side effects of such technologies.

T. Bandyopadhyay et al.

In addition to vitamins and minerals, many
phytochemicals have health-promoting effects
that are derived primarily from epidemiological
studies, out of which a few have had their active
chemical compound identified and are being
rigorously tested. Glucosinolates are known to
reduce carcinogen-DNA interaction and increase
carcinogen detoxification (Hecht 1999) and iso-
flavones (phytoestrogens). Similar to genistein
and daidzein, have been reported to reduce the
incidence of many cancers, coronary heart dis-
eases, and osteoporosis (Kurzer and Xu 1997).
Given their evident health-promoting effects and
technological feasibility toward manipulating
their synthesis in staple food crops, efforts can
now be initiated in this direction with significant
advantages.

10.4 QTL/Genes for Nutrient
Content in Millets and Cereals

Advancement in genotyping technologies such as
next-generation sequencing and genotyping by
sequencing and statistical tools facilitate the
identification of QTLs/genes in several crops for
each of the important traits (Huang et al. 2010;
Jia et al. 2014; Jaiswal et al. 2016; Su et al.
2016). Using phenotyping and genotyping data,
QTLs can be identified through different
approaches such as QTL interval mapping and
genome-wide association mapping. Genetic
resources with high diversity for the trait of
interest is essential to study the genetic archi-
tecture of the trait. QTLs for nutrient synthesis
and accumulation in millet may prove to be vital
assets for identification of candidate genes and
further utilization in millet breeding for high
nutrient value through marker-assisted selection,
marker-assisted recurrent selection, or genomic
selection. Unlike major cereals such as wheat and
rice, millets are “orphan crops” with only a few
studies undertaken to identify genes/QTLs
nutrients in them (Table 10.9). In pearl millet,
two colocalized QTLs for Zn and Fe were found
on linkage group 3, using 106 recombinant
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Table 10.9 QTL mapping for nutrient traits in important millets and cereals

Crop Trait Population
Rice Zn RILs, ILs

Zn BILs

Zn RILs

Zn DH
Wheat 7Zn, Fe, Cu, Mn, Se RILs

Zn, Fe RILs

7Zn, Fe RILs

7Zn, Fe RILs

Zn, Fe, protein RILs
Pear] millet 7Zn, Fe RILs
Sorghum Zn, Fe Germplasm
Foxtail millet Agronomic traits Varieties

Branching F;

Agronomic/yield traits F,

Drought tolerance RILs

Approach
Interval mapping
Interval mapping
Interval mapping
Interval mapping
Interval mapping
Interval mapping
Interval mapping
Interval mapping
Interval mapping
Interval mapping
GWAS

GWAS

Interval mapping
Interval mapping

Interval mapping
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inbred lines (RILs) derived from ICMB®841-
P3x8638-P2, with PVE (Phenotypic Variation
Explained) 36 and 19%, respectively (Kumar
et al. 2016). However, no major epistasis (QxQ,
QxQxE) was observed for these QTLs. In the case
of sorghum, Kotla et al. (2015) identified candi-
date genes for Zn and Fe which are homologous
to nutrient (Zn, Fe)-related genes in rice and
barley (OsNAS, OsZIP, OsNAC, HvNAAT,
HvDMAS, etc.) through genome-wide associa-
tion studies (GWAS). Unfortunately, in foxtail
and kodo millets no studies to identify genomic
regions for nutritionally important traits have
been documented so far. In foxtail millet, com-
parative genomics may prove to be a useful
approach to identify genomic regions associated
with potential nutrients given the recent avail-
ability of its genome sequence (Muthamilarasan
et al. 2016). Although QTL mapping/GWAS for
micro/macro nutrient traits in the crop are cur-
rently unavailable, similar approaches have been
undertaken for yield and agronomic traits (Doust
et al. 2004; Qie et al. 2014; Fang et al. 2016).
Similar approaches could be very useful in other
millet crops with limited mapping populations
and molecular marker densities.

10.5 Improving Plant Nutrient
Contents Through Breeding

Strategies

Notwithstanding the fact that molecular-genetic
and other emerging technologies hold much
promise in augmenting nutritional value of crops,
conventional techniques are nevertheless impor-
tant and should be implemented either in parallel
or independent of emerging ones. Unfortunately,
the focus of such strategies so far has been
improving yield to meet the calorific needs of the
increasing world population, and programmes
aimed at improving the nutritional and
micronutrient worth of the crops have been lar-
gely overlooked. Fortunately, substantial genetic
variation exists between the genotypes with
regard to occasional cases where micronutrients
concentrations have been accessed (Schonhof
and Krumbein 1996; Wang and Goldman 1996).
These variations are now being used to obtain
nutritionally enriched cultivars and can prove to
be useful tools for identifying and establishing
the much needed physiological and genetic basis
for nutrient variation (Grusak et al. 1999).
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10.6 Molecular Genetics
and Genomics of Plant
Secondary Metabolism
and Crop Improvement

Previous efforts to modify plant secondary
metabolisms suffered because of the dearth of
mechanistic understanding of the intricate pro-
cesses that regulate the same (Della Penna 1999).
For many of the candidates that are of functional
importance to humans, molecular genetic
approaches have replaced the traditional ones in
the identification of encoding and associated
genes. For example, plants with altered produc-
tion of tocopherols (Norris et al. 1995), car-
otenoids (Pogson et al. 1996), flavonoids (Shirley
et al. 1995), and ascorbic acid (Conklin et al.
1997) have been obtained by such technologies
to investigate their genetic basis. Heterologous
bacterial systems have also been employed to
characterize the role of plant enzymes in
influencing the uptake of iron and synthesis of
thiamine, biotin, and vitamin E (Norris et al.
1998; Baldet et al. 1997; Belanger et al. 1995;
Eide et al. 1996).

A large number of ongoing sequencing pro-
jects in many different organisms present new
opportunities for plant researchers to study plant
metabolism in a more comprehensive manner.
Out of many varieties of DNA sequences yielded
in such projects, a small but substantial group
encode novel (pioneer) sequences with no related
orthologs in the database (Sterky et al. 1998;
Yamamoto and Sasaki 1997). As a large number
of secondary compounds are unique to plants,
many pioneers and unknown plant sequences
likely encode structural enzymes and regulatory
components of plant secondary metabolism.
Plant scientists have begun mining and under-
standing the huge genomic resources and
microarray data which can help existing genetic
and biochemical strategies for a better under-
standing of the complex metabolic pathways in
plants.

T. Bandyopadhyay et al.

10.7 Conclusions and Future
Perspectives

Despite the obvious advantages nutritional geno-
mics offers us, it is not without its share of limi-
tations. For example, it is limited to the metabolic
pathways (such as vitamins) for which information
is available in model organisms but not applicable
for other phytochemical pathways that are king-
dom specific (Della Penna 1999). Moreover,
extreme diversity of phytochemicals and their
limited evolutionary distribution are major chal-
lenges toward gene identification via this
approach. Furthermore, many plants that are being
considered as genomic resources (e.g., Arabidop-
sis, maize, and rice) do not synthesize many of the
useful health-promoting and well-characterized
phytochemicals. It is against this backdrop that
scientists restrict their research to a few species
where the target compound flux is high. Moreover,
if such plants are non-model, researchers have to
confront the lack of genomic, genetic, and
molecular tools otherwise available with model
plants. Interestingly, such problems can be over-
come by large-scale genome sequencing projects
and microarray expression studies of non-model
plants and their variants known to accumulate
higher amounts of the target compound. This
approach is advantageous because it allows us to
use any type of plant/specific tissue from
non-model plants to generate ESTs and subject
them to a set of specific expression studies and
bioinformatics analysis to identify the gene pool
specific to the target pathway followed by its
functional analysis using heterologous systems in
arange of organisms. Moreover, the approach also
allows for the identification of related non-
pathway genes (involved in intermediary meta-
bolism) that regulate accumulation or increased
flux of the target compound (Della Penna 1999). In
this manner, the profound diversity of metabolites,
their flux, their biochemistry, and the cell biology
of non-model plants can aid in obtaining a more
comprehensive knowledge of a given pathway.
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Abstract

MicroRNAs (miRNAs) are ~ 18 to 24-nucleotide non-coding RNAs,
which regulate gene expression at the transcriptional and
post-transcriptional levels through cleavage or translational inhibition of
target mRNA. In addition to the key regulatory processes such as cellular,
biological, and developmental functions, a considerable fraction of
miRNAs have been shown to play important roles in abiotic and biotic
stress responses, such as nutritional deficiency, drought, salinity, cold,
heat, oxidative stress, and heavy metal. Being a naturally stress tolerant
crop, foxtail millet has invited research on genome-wide identification and
characterization of miRNAs for their role(s) in abiotic stress. In this
context, the present chapter summarizes the classes of small RNAs with
emphasis on miRNAs and provides a snapshot on their roles in stress

regulatory machinery in foxtail millet.

11.1 Introduction

To circumvent environmental stresses, plants
exhibit stress tolerance or stress avoidance
through acclimation and adaptation mechanisms,
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which are evolved through natural selection
(Yamaguchi-Shinozaki and Shinozaki 2006).
Tolerance to abiotic stresses is a very complex
phenomenon as it includes the intricate interac-
tions between stress responsive elements and
various molecular and biochemical factors
affecting plant growth and development.
Recently, the role of microRNAs (miRNAs) in
regulating stress-responsive molecular machinery
has been identified. miRNAs are ~18- to
24-nucleotide (nt) non-coding RNAs, which reg-
ulate the gene expression at transcriptional and
post-transcriptional levels through cleavage or
translational inhibition of target mRNA
(Fig. 11.1). In plants, miRNA genes generate
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primary miRNA transcripts (pri-miRNAs)
through transcription, which are cleaved by
Dicer-likel (DCLI1) to form stem-loop miRNA:
miRNA* duplexes known as pre-miRNA
(Bologna and Voinnet 2014). Subsequently,
Argonaute (AGO) protein binds to mature miR-
NAs to assemble RNA-induced silencing com-
plex (RISC) (Jones-Rhoades and Bartel 2004).
Mature miRNAs and RISC bind to cognate target
genes and either cleave the target mRNAs with
near perfect complementarity or repress their
translation with lower complementarity (Bartel
2004). In addition to the role of miRNAs in key
regulatory processes such as cellular, biological,
and developmental functions, a considerable
number of miRNAs have been shown to play
important roles in abiotic and biotic stress
responses, such as nutritional deficiency (Fujii
etal. 2005; Liang et al. 2010), drought (Zhou et al.
2010), salinity (Li et al. 2013), cold (Zhang et al.
2009), heat (Chen et al. 2012), oxidative stress

(Sunkar et al. 2006), and heavy metal stress (Zeng
et al. 2012). Increasing evidence has revealed that
miRNA-mediated gene regulation plays a signif-
icant role in water stress regulatory networks
(Khraiwesh et al. 2012). Advances in next gen-
eration sequencing (NGS) and high-throughput
sequence analysis platforms have accelerated the
studies on plant miRNAs, leading to their dis-
covery and functional characterization in many
plant species (Morozova and Marra 2008).

Till now, 337 mature miRNAs in Arabidopsis
thaliana, 401 in Populus trichocarpa, 164 in
Nicotiana tabacum, 713 in Oryza sativa, 16 in
Saccharum officinarum, 241 in Sorghum bicolor,
42 in Triticum aestivum, and 321 in Zea mays
have been reported (miRBase; Release 20, June
2013). However, very much less work has been
done on foxtail millet in this regard. Foxtail
millet (Setaria italica L.) is considered as a
model crop because of its small genome size
(2n =2x = 18; ~515 Mb) with a small amount

Small RNAs
siRNAs hpRNAs
precursor is SARNA precursor is ssshpRNA
I I I
Secondary siRNAs Heterochromatic siRNAs NAT-siRNAs

an upstream small RNA
triggers the synthesis of
precursors of this class
of siRNA

I

Trans-acting siRNAs Phased siRNAs

repetitive regions

23-24 nt long siRNA produced
mainly from intergenic and/or

precursors of these siRNA
formed by the hybridization of
complementary and
independently transcribed RNAs

Cis-NAT-siRNAs trans-NAT-siRNAs

secondary  siRNAs secondary siRNA loci whose  precursors were  precursors were
that have one or  dsRNA precursor has a transcribed transcribed from non-
more targets uniformly defined terminus,  from overlapping genes
distinct from their  resulting in the production  overlapping whose mRNAs have
locus of origin of a phased set of siRNA genes complimentarity
I [ [
miRNAs Long miRNAs Other hpRNAs
precisely processed precursor 23-24 nt miRNAs that function imprecisely processed

hairpins yielding one or few
functional small RNAs

similarly to heterochromatic siRNAs to
deposit repressive chromatin marks

precursor hairpin, not
qualifying as miRNAs

Fig. 11.1 Classification of endogenous plant small RNAs. dsRNA, double-stranded RNA; hpRNA, hairpin RNA;
miRNA, microRNA; NAT-siRNA, natural antisense transcript small interfering RNA; siRNA, small interfering RNA
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of repetitive DNA (30%), short growing dura-
tion, and self-pollinating and inbreeding nature
(Muthamilarasan and Prasad 2015, 2017). It is an
annual grass with thin, vertical, leafy stems, and
erect and slender culms with hollow internodes.
Moreover, its genome has now been sequenced
by the Beijing Genomics Institute, China (Zhang
et al. 2012) and the US Department of
Energy-Joint Genome Institute (Bennetzen et al.
2012). The release of the genome sequences in
public domain has resulted in the large-scale
development of genetic and genomic resources.
In view of this, the present chapter summarizes
the role of miRNAs in regulating growth,
development, and stress responsive molecular
pathways, and enumerates the miRNAs identified
and characterized in foxtail millet.

11.2 Discovery of miRNA

The first miRNA identified was lin-4 in
Caenorhabditis elegans (Lee et al. 1993), which
had a role in controlling the timing of larval
development. Surprisingly, /in-4 was not found
to code for a protein but a pair of small RNAs—a
shorter RNA which is about 22 nt in length, and
a longer one approximately 61 nt long
(stem-loop precursor). The lin-4 RNAs had
antisense complementarity with multiple sites in
3" UTR of lin-14 gene, which significantly
reduces the amount of LIN-14 protein without
any considerable effect on lin-14 mRNA level
(Lee et al. 1993; Wightman et al. 1993). It was
only after 2000 that this small regulatory RNA
became complicated when lez-7 (22-nt regulatory
RNA) was discovered in the same system, C.
elegans, a gene that promotes the transition from
late-larval to adult cell (Reinhart et al. 2000;
Slack et al. 2000). Its homologs were also iden-
tified in the genomes of human, Drosophila, and
bilateral animals (Pasquinelli et al. 2000). Over
100 additional genes were reported in various
organisms such as flies, worms, and human cells
in less than a year (Lagos-Quintana et al. 2001;
Lau et al. 2001; Lee and Ambros 2001). Because
of its developmental stage transition specific
regulation, lin-4 and let-7 (founding members)
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were identified as small temporal RNAs
(stRNAs). It is after this that the term ‘mi-
croRNA’ attracted attention, which included all
other small RNAs with similar features
(Lagos-Quintana et al. 2001; Lau et al. 2001; Lee
and Ambros 2001).

11.3 Mechanism of miRNA
Biogenesis and Their Mode
of Action

Transcription, processing, modification, and
finally loading to RISC are the steps in miRNA
biogenesis. DNA-dependent RNA pol II tran-
scribes a miRNA gene (MIR) into primary-
miRNA (pri-miRNA) with a 5' capping and 3’
polyadenylation. DCL 1 (RNAse III) helps in
generating the hairpin structured precursor-
miRNA (pre-miRNA) (Park et al. 2002; Rein-
hart et al. 2002) and the double-stranded
miRNA-miRNA* duplex is formed by the
endonucleolytic activity of DCL1, and DCL
requires the proteins hyponastic leaves 1
(HYL1-double-stranded binding protein) and
serrate (SE-Zn finger protein) for processing (Han
et al. 2004; Vazquez et al. 2004; Lobbes et al.
2006; Yang et al. 2006) and Dawdle (DDL-
nuclear RNA binding protein) promotes this step
(Yu et al. 2005) and the stability of the duplex is
brought about by methylation at 2" OH of 3’ ter-
minal nucleotides by Hua Enhancer 1 HEN1 (Yu
et al. 2005). Following this, HASTY5 (HST5)
export factor exports the modified miRNA-
miRNA* duplex from nucleus to cytoplasm
(Park et al. 2002) and the duplex is unwound in
cytoplasm and one strand of duplex is loaded into
AGOL1 protein to form miRISC (Baumberger and
Baulcombe 2005; Qi et al. 2005). Mature miRNA
in RISC complex regulates the gene expression
either by cleaving the transcript or inhibiting the
translation by binding to the target sequence with
near perfect complementarity (Chen 2004; Gan-
dikota et al. 2007). Translation inhibition of gene
occurs in the endoplasmic reticulum. Altered
Meristem Programl (AMP1) has been reported
for interacting with AGOI to facilitate the trans-
lational inhibition (Li et al. 2013).



140

11.4 Regulation of miRNA
Accumulation and Activity

miRNAs are important regulators of gene expres-
sion at transcriptional as well as post-transcriptional
level, with accumulation and activity of miRNA
being the two deciding factors tuned when
required, such as at different developmental stages
and with environmental stress response.

11.4.1 Regulation of miRNA
Biogenesis
11.4.1.1 Transcriptional Regulation

of MIR Genes

MIR genes are usually located in intergenic
regions. However, a few reports show they are
present in the intronic or exonic region of host
genes as well as in transposable elements (Xie
et al. 2005; Piriyapongsa and Jordan 2008;
Nozawa et al. 2012; Yang et al. 2012).
At-negative on TATA less2 (NOT2) and cell
division cycle 5 (CDC5) are a few transcription
factors (TFs) required for efficient transcription of
MIR genes. In addition to the above two TFs,
specific TFs such as Powerdress (PWR) for
MIRI172 family which helps in recruitment of
Pol II to promoters (Yumul et al. 2013), TF Fused
in Sarcoma 3 (FUSCA3) for MIRI56A and
MIR156C regulation (Wang and Perry 2013), and
Apetala2 (AP2) TF for regulation of MIR156 and
MIR172 genes in the opposite manner by pro-
moting the expression of MIRI156 and repressing
the transcription of MIR172 (Yant et al. 2010)
have been reported. In addition to TFs, molecules
such as mediator complexes are essential in the
regulation of MIR genes. Lack of mediator fades
out the promoter activity of the MIR genes,
resulting in suppressed levels of pri-miRNAs and
miRNAs (Kim et al. 2011). Mediators form an
essential link between a TF and RNA Pol II and
are considered as TF regulators.

11.4.1.2 Effect of Splicing on Pri-miRNA
Processing

Apart from the intergenic location of plant

miRNAs, a significant number of MIR genes
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reside in the intronic region of protein-coding
genes. In such a situation, transcriptional regu-
lation of these host genes has an effect on the
generation of pri-miRNAs because of splicing of
the intron from which miRNA originates, which
in turn affects the formation of stem-loop struc-
ture blocking the biogenesis of mature miRNAs.
For example, heat stress processing of
pri-miR400 is hindered because of alternate
splicing of Ar/g32583 which hosts the gene
MIR400; however, in the absence of heat stress,
pri-miR400 is normally processed to generate
mature miRNA (Yan et al. 2012). Other such
examples are MIR162a, MIR842, and MIR846 in
Arabidopsis (Hirsch et al. 2006; Jia and Rock
2013).

11.4.1.3 Regulation of DCL1 Activity
Following transcription is the processing of
pri-miRNA into pre-miRNA by DCLI in the
nucleus, which depends upon the expression
level, localization, and phosphorylation and
dephosphorylation state of DCLI1. Its activity is
greatly influenced by the secondary structure of
pri-miRNAs. In plants, the hairpin structure of
pri-miRNAs is very heterogeneous in nature in
respect of length, structure, and positioning of
the mMiRNA/miRNA* duplex. Most of the
multi-branched  terminal loops containing
pri-miRNAs prefer the base to loop processing
for the efficient production of mature miRNA,
which is catalyzed by DCL1. On the other hand,
loop to the base processing of pri-miRNA tran-
scripts having multi-branched terminal loops
suppresses the generation of functional mature
miRNA (Zhu et al. 2013). Exceptionally,
pri-miR159a and pri-miR319a prefer the loop to
base processing, probably because of their
unusually long upper stem region (Bologna et al.
2009; Cuperus et al. 2010).

DCLL1 is assisted by any proteins such as
HYL1 (Yang et al. 2010), SE (Machida et al.
2011), tough (TGH) (Ren et al. 2012), CDC5
(Zhang et al. 2013b), stabilizedl (STA1) (Ben
et al. 2013), DDL and C-terminal domain
phosphatase-like 1 (CPL1) (Manavella et al.
2012a) for its precise functioning whereas it is
negatively regulated by miR162 (Xie et al.
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2003), a histone transferase (GCN5) (Kim et al.
2009), and short interspersed elements (SINEs).
HY1 is a dsRNA-binding protein and probably
binds to a double-stranded miRNA/miRNA*
region as a dimer to facilitate the proper pro-
cessing of pri-miRNAs; SE is a single-stranded
RNA binding domain which helps in positioning
of miRNA precursor toward the catalytic site of
DCL1; TGH is a G-patch domain protein prob-
ably having a role in recruiting pri-miRNAs to
DCLI, thus promoting the cleavage efficiency;
interaction with CDC5 improves the activity of
DCLI; STAL is a pre-mRNA processing factor
which regulates the transcription of DCLI in a
positive manner; DDL interacts with negatively
charged (phosphorylated) phosphothreonine
motif present in the DCL1; CPL1 maintains the
hypophosphorylated state of HYL1 by dephos-
phorylation for its optimal activity; DCLI1 is
negatively regulated by miR162 which balances
the level of DCLI post-transcriptionally, thus
affecting the processing of all pri-miRNAs;
GCNS negatively regulates the transcription of
HYLI and SE; and SINEs sequester the HYLI
from processing of pri-miRNA to pre-miRNA by
mimicking the pri-miRNA structure.

11.5 miRNA Stability

and Degradation
11.5.1 Methylation and Uridylation
of miRNAs

HENI1, a methyltransferase enzyme, protects the
miRNA/miRNA* duplex (Li et al. 2005; Yu
et al. 2005) whereas its degradation is brought
about by HESOI, a terminal uridyl transferase
HENI suppressorl (Ren et al. 2012); thus, the
optimum level of miRNA is achieved by main-
taining the balance between miRNA stability and
degradation. Methylation is essential in prevent-
ing the miRNAs from uridylation activity of
HESOI1 (Ren et al. 2014).

11.5.2 Degradation of miRNAs
by Exoribonucleases
in Plants

In Arabidopsis, small RNA degrading nucleases
(SDN1, SDN2, SDN3), which act as 3'-5'-exor-
ibonucleases, act only upon 2'-O-methylated
miRNAs, unlike HESO1 which acts on 3'-uri-
dylated miRNAs (Ramachandran and Chen
2008); thus SDN1 and HESO1 probably coop-
erate in degrading miRNAs.

11.6 Regulation of miRNA Activity

11.6.1 Loading of AGO Proteins

AGOL1 is a major effector protein in plants which
consists of four functional domains named the
N-terminal domain, the PAZ domain, the middle
(MID) domain, and the PIWI domain. The load-
ing of AGOL is determined by several protein
factors, miRNA/miRNA* duplex and 5’ nucleo-
tides (Mi et al. 2008; Montgomery et al. 2008);
squint (SQN), cyclophilin 40 (CyP40), and heat
shock protein 90 (HSP90) are the protein factors
which assist in loading (Smith et al. 2009; Iki
et al. 2010, 2012; Earley and Poethig 2011).
miRNA strand, having lower 5" end thermosta-
bility, is the preferred strand for loading into
AGO1 complex (Manavella et al. 2012b).

11.6.2 Competition of miRNAs
with Endogenous RNAs

Cleavage of the transcript in the miRNA-guided
regulation of gene expression is based on the near
perfect complementation of miRNA and mRNA
(Bartel 2004). In Arabidopsis, a non-coding RNA
called Induced by Phosphate Starvation 1 (IPS1)
contains the motif sequence complementary to
miR399. This complementation is resistant to
cleavage because of the formation of a mismatch
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loop at the cleavage site, resulting in the seques-
tration of the miR399, thus causing accumulation
of the miR399 target PHO2 in IPSI over-
expressing lines (Franco-Zorrilla et al. 2007).

11.6.3 Feedback Regulation of MIR
Genes Through
Methylation

miRNA regulation is in turn regulated by DNA
methylation of the MIR genes as a feedback. In
rice, a 24-nt miRNA processed by DCL3 and
associated with AGO4 directs the DNA methy-
lation at MIR genes (Wu et al. 2010), and a 24-nt
siRNA causes RNA-directed DNA methylation
at cytosine with the help of AGO4 (Bologna and
Voinnet 2014). The mechanism of miRNA-
directed DNA methylation may possibly be
similar to that of siRNAs.

11.7 Roles of miRNAs

11.7.1 Developmental Processes

miRNAs are conserved throughout the plant
kingdom and play an important role in regulating
various developmental pathways, evident from
the pleiotropic developmental defects which
were seen in Arabidopsis mutants (dcll, hyll, se,
henl, ddl, agol) of miRNA biogenesis genes
(Ramachandran and Chen 2008).

In the case of phase transition,
expression of a well-conserved miR156 causes
prolonged expression of juvenile characteristics
and thus delayed flowering in Arabidopsis
because miR156 targets 11 SPL genes, among
which SPL3, SPL4, and SPLS5 are responsible for
the vegetative phase to floral phase transition,
while SPL9 and SPLI5 govern the plastochron
length in Arabidopsis (Schwab et al. 2005; Wu
and Poethig 2006; Wang et al. 2008). Another
well-documented miRNA is mil72, which con-
trols flowering time by regulating AP2-like
genes, Target Of Eatl (TOEI), and Target Of
Eat2 (TOE2) in Arabidopsis (Aukerman and
Sakai 2003) and Glossyl5 (gl15) in maize

over-
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(Lauter et al. 2005). Arabidopsis plants overex-
pressing miR172 have shown early flowering
and disrupted floral organ identity by repressing
TOEI and TOE2 (Aukerman and Sakai 2003).
Similarly, in maize the vegetative phase change
is regulated by the opposing actions of g//5 and
miR172 (Lauter et al. 2005). Chuck et al. (2007)
reported long vegetative phase and delayed
flowering in Corngrassl (Cgl) mutant where
miR156 was up-regulated, and miR172 was
down-regulated, suggesting the coordinated
behaviour of miR156 and miR172 in the regu-
lation of vegetative and floral transition.

As far as hormone biosynthesis and signalling
are considered, gibberellic acid controls devel-
opmental processes such as male fertility and
flowering during short days which is brought
about by the GAMYB gene family which is the
target of miR159 (Achard et al. 2004; Millar and
Gubler 2005). miR159 overexpression lines
showed hyposensitivity to abscisic acid (ABA)
(Reyes and Chua 2007). Auxin response factors
(ARFs) which are involved in the auxin signaling
pathway are the targets for miRN160 and
miR167. The miR160-resistant ARFI10, ARFI6,
and ARFI7 plants showed the pleiotropic
developmental defects in the aerial part and root
(Mallory et al. 2005; Wang et al. 2005; Liu et al.
2007). miR164 plays a role in mediating the
auxin signaling cascade during the emergence of
lateral root by targeting NACI (Guo et al. 2005).
TIR1, an auxin receptor, and related F-box genes
are targeted by miRNA, miR393 affecting the
auxin signaling pathway (Jones-Rhoades and
Bartel 2004). Jasmonic acid (JA) biosynthesis is
regulated by cleaving of Teosinte branchedl/
Cycloidea/Proliferating cell factorl (TCP4) by
miR319; TF TCP4 binds to the promoter
sequence of Lipoxigenase2 (LOX2), a chloroplast
enzyme, which catalyzes the initial step in the JA
biosynthesis pathway (Schommer et al. 2008).

In the case of pattern formation and morpho-
genesis, miR164 targets CUCI and CUC2 and
regulates the establishment of organ boundaries,
floral patterning, and leaf morphogenesis (Laufs
et al. 2004; Mallory et al. 2004a; Baker et al.
2005; Nikovics et al. 2006; Sieber et al. 2007).
miR165/166 regulates the development of lateral
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organs by targeting homeodomain-leucine zipper
TFs in maize and Arabidopsis. Higher accumu-
lation of miR165/166 targets on the adaxial sur-
face to promote lateral organ identity, which is
brought about by the enrichment of these miR-
NAs in the abaxial side of the leaf primordia
(McConnell et al. 2001; Emery et al. 2003; Juarez
et al. 2004; Mallory et al. 2004b). In Arabidopsis,
miR172 represses expression of AP2, which is
responsible for the identities of the various floral
whorls (Aukerman and Sakai 2003; Chen 2004).
The pattern formation during stomatal develop-
ment in the Brassicaceae family was found to be
regulated by miR824, which targets AGLI6, an
MADS-box gene (Kutter et al. 2007).

In the leguminaceae family the symbiotic
association between the leguminous plant and
rhizobial bacteria results in biological nitrogen
fixation which is caused by the exchange of
chemical factors (Cooper 2007). Inoculation with
Bradyrhizobium japonicum, a nitrogen-fixing
bacterium in the soybean roots, caused a differ-
ential expression of various miRNAs such as
miR159 and miR393, which were up-regulated,
and miR160 and miR1693 3 h post infection
(phi) and miR168 and miR172 which were
down-regulated for 12 phi after 3 h of
up-regulation (Subramanian et al. 2008). Fol-
lowing rhizobial infection, the expression levels
of miR160, miR393, miR164, and miR168 have
changed, suggesting a connection between
nodulation signaling and auxin homoeostasis
through their targets such as ARFs (miR160),
TIRI (miR393), NACI (miR164), and AGOI
(miR168) (Li et al. 2010a, b).

11.7.2 Biotic Stresses

Biotic factors such as bacteria, viruses, fungi,
insects, and nematodes cause a heavy loss to the
crop yield. Many miRNAs are involved in biotic
stress-associated defense mechanisms to combat
the pathogen infection to withstand the epidemic.
In the case of bacterial infections, miR393 was
found to provide basal resistance against FIg22, a
bacterial-derived pathogen-associated molecular
pattern (Navarro et al. 2006). Along with
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miR393, miR160, miR167 and miR159 targeted
ARF family members to initiate defense mecha-
nism against Pseudomonas syringae infection
(Rhoades et al. 2002; Zhang et al. 2011). Xan-
thomonas axonopodis pv. Manihotis infection in
Cassava induced the expression of miR160,
miR167, miR393, and miR390 and suppressed
the abundance of miR535, miR395, miR482,
miR397, miR398, and miR408 (Perez-Quintero
et al. 2012).

In the case of fungal infections, RNA silenc-
ing Arabidopsis mutants such as sgs2, sgs3,
ago7, dcl4, nrpdla, and rdr2 were reported to be
susceptible to Verticillium strains (Ellendorff
et al. 2009). Up-regulation of miR393, miR444,
and miR827 and down-regulated expression
patterns of miR156, miR159, miR164, and
miR396 were reported in common powdery
mildew (Erysiphe graminis f.sp. tritici)-infected
wheat leaves (Xin et al. 2010). Two novel
miRNAs, m0001 and m0002, are reported to be
involved in resistance to Verticillium dahliae
infection in eggplant (Yang et al. 2013).
Microarray analysis post-infection with fungus
Exserohilum turcicum in maize showed a higher
abundance of miR811 and miR845, suggesting
its involvement in better resistance to E. turcicum
infection (Wu et al. 2014).

Viral infections are tackled by the host miR-
NAs in plants. miR156, miR160, and miR164
get up-regulated upon viral infection in tobacco
(Navarro et al. 2008), and significant higher
expression of two miRNAs, bra-miR158, and
bra-miR1885 was observed in Brassica rapa
after infection with Turnip mosaic virus. Sur-
prisingly, the predicted target of bra-miR1885
was the TIR-NBS-LRR class of disease-resistant
proteins which requires additional investigation
to understand the molecular mechanism related
to viral infection.

11.7.3 Abiotic Stresses

Understanding the molecular basis of compli-
cated genetic interactions in response to abiotic
stress factors (drought, salinity, heat, cold, etc.) is
necessary to develop what is necessary to face
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the challenges posed by climate change. Not only
TFs, signalling components, and alterations in
the expression level of a gene but also a signif-
icant number of miRNAs have been reported
during various abiotic stress conditions (Zhang
2015). Changes in relative expression of
miR396, miR168, miR167, miR165, miR319,
miR159, miR394, miR156, miR393, miR171,
miR158, and miR169 were observed in Ara-
bidopsis facing drought stress (Liu et al. 2008).
miR169 was down-regulated, which increased
the abundance of its target nuclear factor YAS,
which in turn induced various drought-
responsive genes responsible for drought toler-
ance. Genome-wide expression analysis in rice
revealed that a set of 16 miRNAs were
down-regulated and 14 miRNAs were signifi-
cantly up-regulated during drought stress (Zhou
et al. 2010). Another study showed strong
inverse correlation for miR398a/b and miR408
and their respective targets, namely copper
superoxide dismutase (CSD1/2), mitochondrial
cytochrome c¢ oxidase, and plastocyanin, which
suggests an important link in adaptation to
drought and copper homoeostasis (Trindade et al.
2010). During drought stress, 13 miRNAs were
observed to be differentially expressed in wild
emmer wheat, which is claimed to be drought
tolerant (Kantar et al. 2010). In soybean,
miR166-5p, miR169f-3p, miR1513c, miR397ab,
miR-Seq13, and miR166f showed differential
expression in sensitive and tolerant cultivar, of
immense importance when it comes to crop
improvement (Kulcheski et al. 2011).

In Arabidopsis, salinity stress up-regulated
miRNAs such as miR156, miR158, miR159,
miR165, miR167, miR168, miR169, miR171,
miR319, miR393, miR394, miR396, and
miR397, whereas miR398 was found to be
majorly down-regulated (Liu et al. 2008).
A study involving contrasting maize lines, that is,
salt tolerance (NC286) and salt sensitive
(Huangzao4), revealed the differential expression
of various miRNAs during salinity stress in both
the cultivars, which could be used in priming
salinity sensitive elite lines (Ding et al. 2009).

Temperature fluctuation in the surrounding
environment of a plant requires a reprogramming
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of gene expression profile to maintain
homoeostasis at the cellular, molecular, and
physiological levels. Average growing season
temperature has been elevated in the past few
years, which adversely affects the plant’s physi-
ology such as seed maturation and grain filling.
Nine heat stress-responsive miRNAs were iden-
tified in wheat, among which eight conserved
miRNAs (miR156, miR159, miR160, miR166,
miR168, miR169, miR393, and miR827) were
up-regulated and only miR172 showed
down-regulation after heat stress (Xin et al.
2010). Comparative investigation in heat-tolerant
and heat-susceptible cultivars of wheat revealed
the differential expression pattern of many miR-
NAs in both the cultivars at 40 °C heat stress
(Xin et al. 2011). miRNAs have also been
reported to play a major part in the regulatory
network of cold-responsive genes, namely
miR165/166, miR393, miR396, and miR408 in
Arabidopsis (Sunkar and Zhu 2004; Liu et al.
2008). Conflicting expression patterns of some of
the miRNAs, such as up-regulation of miR168
expression in poplar and Arabidopsis (Lu et al.
2008; Liu et al. 2008) compared to
down-regulation of miR168 in rice (Lv et al.
2010) were also reported, and an opposite
expression of miR171 was observed in
Arabidopsis and rice (Liu et al. 2008; Lv et al.
2010).

11.7.4 Nutrient Homeostasis

Phosphate (Pi) is an essential nutrient which is
involved in the vital biochemical reactions in the
plants, such as DNA replication, phospholipid
bilayer formation, and ATP synthesis. Pi starva-
tion up-regulated the expression of miR156,
miR399, miR778, miR827, and miR2111
whereas miR169, miR395, and miR398 were
found to be down-regulated (Hsieh et al. 2009).
Upon Pi starvation, phosphate starvation
response 1 (PHR1) is induced, which is a TF and
is the master regulator of the PHR regulation
pathway in Arabidopsis; it induces the expres-
sion of miR399 which in turns down-regulates
miR399 target PHO2 (E2 ubiquitin-conjugating
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enzyme), particularly in roots (Aung et al. 2006;
Bari et al. 2006). Additionally, miR827 and
miR2111 were up-regulated under Pi starvation,
and target E3 ligases (At1g02860 and
Atlg63010, respectively), which indicates phos-
phate homeostasis is regulated by an miRNA-
regulated ubiquitination-mediated pathway (Fujii
et al. 2005; Chiou et al. 2006).

Another important macronutrient for plants is
sulfur, an integral part of the amino acid residue
cysteine, which is further converted into glu-
tathione, phytoalexins, and glucosinolates; these
are considered as sulfur-containing defense
compounds. MiR395 induces gene families,
sulfate transporter (SULTR2;1/AST68), and the
members of the ATP sulfurylase family (APSI,
APS3, and APS4) at sulfate deprivation
(Jones-Rhoades and Bartel 2004; Allen et al.
2005). Remobilizing the sulfate between leaves
during sulfate scarcity is believed to be brought
about by miR395 in Arabidopsis (Liang et al.
2010). These miRNAs help the plant in accli-
matizing growth and development in a situation
of sulfate scarcity.

11.7.5 Oxidative Stress and Hypoxia

Oxidative damage of the cell is caused by the
toxic compounds called reactive oxygen species
(ROS) produced as by-products of photosynthe-
sis and respiration (Mittler et al. 2004); however,
ROS also play a vital role in the regulation of
various biological processes (Mittler et al. 2004).
ROS is also a secondary messenger molecule in
stress-associated signal transduction pathways
(Vandenabeele et al. 2003; Mittler et al. 2004). In
Arabidopsis, oxidative stress suppresses the
expression of miR398 which otherwise
down-regulates CSDI and CSD2 (Cu—Zn super-
oxide dismutases) (Bonnet et al. 2004; Jones-
Rhoades and Bartel 2004). miR398-resistant
transgenic lines are more tolerant to high-
intensity light, heavy metals, and other oxida-
tive stressors because of the accumulation of
CSD2 (Sunkar et al. 2006).

Hypoxia is the situation of low oxygen leading
to switching from aerobic to anaerobic respiration
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(Agarwal and Grover 2006; Bailey-Serres and
Voesenek 2008). Zm-miR166, Zm-miR167,
Zm-miR171, Os-miR396, Zm-miR399,
Zm-miR159, At-miR395, Pt-miR474, and
Os-miR528 were identified using microarrays in
submerged maize roots (Zhang et al. 2008).
Nineteen hypoxia-responsive miRNA families in
Arabidopsis  roots were identified using
next-generation sequencing, which acted inver-
sely with their corresponding targets (Moldovan
et al. 2009).

11.7.6 Mechanical Stress

Bending of branches and stems by gravity, wind,
or other external forces causes mechanical stress
to plants. Transcript levels of miRNAs in
tension-stressed compression-stressed xylem and
unstressed xylem were compared to find reduced
expression of some miRNAs (miR156, miR162,
miR164, miR475, miR480, and miR481) and
induced expression of miR408 at stress. How-
ever, miR160 and miR172 were down-regulated
specifically in compression stress, and miR168
was up-regulated in the tension-created tissue
(Lu et al. 2005).

11.7.7 ABA-Mediated Stress
Responses

ABA is an important phytohormone which
mediates the expression of stress-associated
genes at dehydration (Koornneef et al. 1998;
Wilkinson and Davies 2002). Increased sensi-
tivity of the mutants of HYL1, DCL1, HENI,
SE, and HASTY genes sheds light on the
involvement of miRNAs in ABA-mediated
response in Arabidopsis (Lu and Fedoroff 2000;
Zhang et al. 2008). ABA treatment induced the
expression of miR159 during seed germination
(Reyes and Chua 2007). It also induced miR393,
miR397b, and miR402 and suppressed miR398a
(Sunkar and Zhu 2004) in Arabidopsis, and
up-regulated miR159.2, miR393, miR2118,
miRS1, miR1514, and miR2119 in Phaseolus
vulgaris (Arenas-Huertero et al. 2009).
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11.8 Impact of miRNAs on Abiotic
Stresses

A wide regulatory function of the miRNAs is in
different developmental stages and at different
stress, and is caused by evolutionary conserva-
tion and abundance. Various studies have
over-expressed abiotic stress responsive miRNA
genes such as miR156, miR159, miR169,
miR319, miR393, miR394, miR395, miR396,
miR402, miR417, and miR828 in different plant
species. These miRNA-overexpressing trans-
genic plants were found to be tolerant to harsh
environmental conditions. miR156 was found to
regulate the recurring heat stress memory in
Arabidopsis, and these plants were found to be
more tolerant to heat stress (Stief et al. 2014); the
same mMiRNA over-expressed in switchgrass
produced higher biomass as compared to the
control plant (Fu et al. 2012). In contrast,
miR159 over-expressing rice plants were more
sensitive to heat stress (Wang et al. 2012).
Another conserved miRNA, miR169, is consid-
ered as a promising candidate for enhancing
tolerance to drought and nitrogen deficiency
conditions caused by reduced stomatal aperture
index, stomatal conductance, and transpiration
rate as compared to non-transgenic tomato
plants, thus reducing water loss through transpi-
ration and enabling survival when water is scarce
(Zhang et al.  2011). Simultaneously,
over-expression of miR169 caused hypersensi-
tivity to nitrogen starvation, leading to yellowing
of leaves (Zhao et al. 2011), and constitutive
expression of miR169 in potato increased water
retention and cell membrane integrity (Pieczyn-
ski et al. 2013). Expression of miR319 was found
to regulate metabolism at multiple stresses just as
over-expression of miR319 in creeping bentgrass
conferred tolerance to salinity and drought stress
(Zhou et al. 2013) and rice transgenics overex-
pressing miR319 were found to be tolerant to
cold stress (Yang et al. 2013).

Transgenics with constitutive expression of
miR395 (Kim et al. 2010a) and miR393 (Gao
et al. 2011) in rice and Arabidopsis reduced the
seedling growth and root development, respec-
tively, and increased sensitivity to drought and
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salt stress in both the cases; but transgenic
rapeseed plants overexpressing miR395 expres-
sed significant enhancement of tolerance to cad-
mium  stress (Zhang et al. 2013a).
Over-expression of miR396 showed stunted root
growth and decreased plant growth and devel-
opment, as it negatively regulated the responses
to salinity and alkalinity (Gao et al. 2010). In
Arabidopsis, salinity, dehydration, and cold
stresses up-regulated miR402 and enhanced plant
growth has been observed under salinity stress
only in transgenic plants overexpressing miR402
(Sunkar and Zhu 2004; Kim et al. 2010b).
Wound-induced miRNA, miR828, showed
higher lignin biosynthesis and H,O, production
in miR828 overexpressing lines in sweet potato,
playing a role in defense mechanisms (Lin et al.
2012).

11.9 miRNAs of Foxtail Millet
and Their Roles in Diverse
Molecular Mechanisms

Compared to other crops, foxtail millet has had
little work performed on exploring the miRNA
biology. Primarily, Yi et al. (2013) have
sequenced small RNA libraries prepared from
shoot samples and identified 43 known miRNAs,
172 novel miRNAs, and 2 mirtron precursor
candidates. Among these, 8 were validated and,
interestingly, the study found 69 miRNAs to be
conserved between foxtail millet and sorghum
(Yi et al. 2013). Khan et al. (2014) reanalyzed
the publicly available genome sequence of foxtail
millet to predict the miRNAs. The study identi-
fied 355 mature miRNAs, which were used for
target prediction, construction of the physical
map, ontology annotation, and validation.
Expression profiling of these miRNAs in
response to different abiotic stresses suggested
their involvement in stress-responsive machinery
(Khan et al. 2014). Furthermore, an miRNA
database  (http://59.163.192.91/FmMiRNADb/
index.html) has also been constructed to supply
the identified miRNAs to researchers. Recently,
Yadav et al. (2016) constructed four small RNA
libraries from two contrasting cultivars (tolerant
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cv. IC403579, sensitive cv. IC480117) of foxtail
millet in control and dehydration stress condi-
tions. High-throughput sequencing and analysis
revealed the presence of 191 miRNAs, which
includes 55 known miRNAs (representing 22
families) and 136 novel candidate miRNAs
(representing 48 families). A total of 18 known
miRNAs belonging to 15 families and 33 novel
miRNAs belonging to 29 families were found to
be differentially expressed in response to dehy-
dration stress. In tolerant cv. IC403579, 34
miRNAs were differentially expressed, and the
majority of these (32) were found to be
up-regulated in response to stress. Interestingly,
22 out of 32 differentially expressed miRNAs
were down-regulated after stress treatment in
sensitive cultivars (Yadav et al. 2016). Func-
tional characterization such as over-expression
of these identified miRNAs and their targets
would provide more insight into the differential
behavior of foxtail millet cultivars during dehy-
dration stress and help in elucidating the role of
miRNAs in regulating dehydration stress
response.

11.10 Conclusions

miRNA-mediated post-transcriptional gene reg-
ulation is one of the mechanisms conferring
stress tolerance to plants, and it involves either
cleavage or translation inhibition of correspond-
ing target genes. High-throughput sequencing
and miRNA microarray methods have reported
many miRNAs that show stress-responsive
expression patterns. Induction of miRNAs dur-
ing stress can down-regulate their target mRNAs,
which may be a negative regulator of drought
response. On the other hand, down-regulated
miRNAs lead to the accumulation of their target
mRNAs which might contribute positively to
stress adaptation. Extensive investigations have
been carried out in many plant species to identify
stress-associated miRNAs; however, no few
studies were performed to delineate the stress
responsive role of miRNAs in foxtail millet
(Setaria italica), a naturally abiotic stress tolerant
model crop. In this context, extensive molecular
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investigations are requisite to unravel the

miRNA-mediated stress regulatory network.
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