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Abstract

Panicoid grasses and crops include finger millet, switch grass, foxtail millet,
napier grass, and pearl millet. Foxtail millet is an important C4 panicoid crop
with a small genome size (~490 Mb), a short life cycle, inbreeding characteristics,
and great abiotic stress tolerance. It is an important food and fodder crop in arid
and semiarid parts of Asia and Africa, including North China and India. Setaria
italica (cultivated) and Setaria viridis (wild) are two well-known Setaria species
that have served as ideal model systems for evolutionary, architectural, and
physiological studies in related potential bioenergy. Foxtail millet has high
genetic diversity, with numerous core and mini-core collections holding a wide
range of genotypes. Significant phenotypic variations enable the discovery and
mining of new abiotic stress tolerance variants for crop improvement. Several
foxtail millet accessions may be drought and salinity tolerant, or rather exploiting
their agronomic and stress-tolerant traits may be especially important for marker-
assisted selection and genetic engineering. In addition, the release and availability
of the foxtail millet genome sequence have revealed numerous of its unique
properties, such as abiotic stress tolerance, which may aid in a better understand-
ing of its evolution, stress physiology, and adaptation. The foxtail millet genome
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sequence thus aids not only in the identification and introgression of
agronomically important traits but also in the deciphering of this exceptionally
stress-tolerant crop’s abiotic stress tolerance mechanisms, in addition to the
evolution of climate-resilient crops, which is critical in this epoch of global
climate change.
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2.1 Introduction

Agriculture’s advancement in some crop species was the most pivotal point in
human history, and plant breeding plays a key role in supporting agricultural
production by altering the genetic constituents of crop species in relation to their
economic use. Systematic and planned studies on plant breeding began in the
nineteenth century, following the rediscovery of Mendel’s laws of inheritance. The
most significant limitations of traditional breeding methods are that selection is
based on phenotype, which produces misleading results because it is heavily
influenced by the environment. However, environmental effects have been lessened
through the discovery of molecular markers that aid in the selection of desirable traits
in an indirect manner. After the 1990s, the emergence of recombinant DNA technol-
ogy, DNA sequencing methodologies, and other advanced breeding techniques
marked turning points in several omics fields (Fig. 2.1). The genomics toolbox
contains linkage and physical maps, genome sequencing, bioinformatics software
and databases, and new generations of omics tools like transcriptomics, proteomics,
metabolomics, genomics, and high-throughput phenomics. Indeed, over the last few
decades, it had made spectacular radiances in genomics research. For example, at the
dawn of the genomics era, Arabidopsis was chosen as the first model for whole-
genome sequencing, followed quickly by the sequencing of other model genomes
(rice for monocots, Medicago and Lotus for legume crops, and poplar for tree
species) and crop species (soybean, cassava, sorghum, maize, pigeon pea, wheat,
finger millet, foxtail millet, etc.). Generated sequence data is being analyzed in
parallel for characterizing genes and validating their functions using comparative
and functional genomics approaches. This information can be applied to evolution-
ary significance and crop improvement programs. There are currently a plethora of
high-throughput genome sequencing technologies and tools, omics platforms, and
strategies available for using genomics in plant breeding. However, the high costs of
omics research, both invested in and associated with it, currently limit the imple-
mentation of omics-based crop breeding, particularly for underutilized, potential,
minor, and orphan crops.

Foxtail millet (Setaria italica) is a small diploid C4 crop species whose genome
has been sequenced collaboratively by the Joint Genome Institute (JGI), Berkeley,
California, USA, and the Beijing Genome Initiative (BGI), China (Singh et al.
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2017). It serves as a model for other biofuel grasses such as napier grass, switch
grass, and pearl millet. The foxtail millet’s final drought genome size is (490 Mb),
fastened onto nine chromosomes, and functional 38,801 genes are annotated.
Because of its small genome size, short life cycle, and inbreeding nature, foxtail
millet is an excellent model crop for studies in plant nutritional biology, stress
response studies, and C4 metabolism research.
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Fig. 2.1 Historical timeline of plant breeding with respect to Omics
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2.2 Characterization of Abiotic Stress Tolerance Mechanism
in Foxtail Millet

Drought, salt, water logging, high temperatures, and mineral toxicity all limit growth
and development of plants, resulting in potential yield losses of more than half of
major agricultural crop production. Positive feedback and tolerance to survive and
reproduce under such stressful conditions is a complicated performance that is
largely coordinated and maintained by correcting crops’ physiological, cellular,
and molecular activities (Chinnusamy et al. 2004; Ahuja et al. 2010). As a result,
addressing intricate regulatory pathways and the biological theories governing
abiotic stress tolerance in plants necessitates a thorough understanding of genome-
scale metabolic responses at critical growth stages of development regarding exter-
nal triggers. Advanced technologies, particularly omics approaches, are of top
priority and promising approaches for improving foxtail millet abiotic stress toler-
ance (Fig. 2.2).

Omics refers to all a molecular biology applications that require a molecular
understanding of stress response, viz., genomics, functional genomics, genetic
engineering, gene expression, proteomics or metabolomics(s), and to understand
their ultimate phenotypic consequences in response to environmental changes,
which are usually followed by appropriate modifications in the crop transcriptome,
proteome, or metabolome (Ahuja et al. 2010). Because of its dwarf genome size and
diploidy, foxtail millet has been studied and characterized more thoroughly than
other millet crops under abiotic stress conditions. Genome-wide studies and expres-
sion profiling studies on foxtail millet are underway. Furthermore, proteomic and
metabolomic studies on millets in response to abiotic stress are still far behind. Gene

Fig. 2.2 Abiotic stress resistance responses to develop improved foxtail millet cultivars through
different omics research
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modification, including regulatory genes, has proven to be more responsive than
using mono or polygenes for improving abiotic stress tolerance in millets. As a
result, recent advances in “omics” technology related to genome sequences have
created a plethora of opportunities for increasing foxtail millet crop stress tolerance
against abiotic stressors (Fig. 2.3) (Table 2.1).

2.2.1 Genomics Studies in Foxtail Millets to Understand Abiotic
Stress

The study of the structure and function of a living organism’s genome is known as
genomics. The foxtail millet is an excellent model plant for a wide range of plant
nutritional biology, stress-responsive investigations, and C4 metabolism research
(Zhang et al. 2012). Because of its small genome size (490 Mbp), small plant size,
and quick generation time, the foxtail millet genome sequencing provides a platform
for organizing knowledge on various millets and comprehending the shared and
independent features of C4 plant evolution. Characterization of plant genomes and

Fig. 2.3 Flow diagram showing different omics strategies
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Table 2.1 Details of “OMICS” studies carried out in foxtail millet under different abiotic stresses

Abiotic stress Strategy Major findings References

Genomics
Interspecific
cross between
S. italica x
S. virdis

Genetic mapping First foxtail millet RFLP genetic
map and identified 160 loci

Wang et al.
(1998)

Dehydration
tolerance

Gene identification A synonymous SNP in a novel
DREB2-like gene linked to
dehydration tolerance and
generated an allele-specific
marker

Lata et al.
(2011a)

Drought
tolerance

Linkage mapping Identified 18 QTLs for a number
of drought-tolerant traits in RILs
population

Qie et al.
(2014)

Drought
tolerance

Gene identification Identified six abscisic acid stress
ripening genes SiASR1 to SiASR6
in tobacco and foxtail

Feng et al.
(2016); Li
et al. (2017)

Cold
responsiveness

Candidate gene
prediction

In the genomic assembly of four
millets identified 2605, 1872,
4888, and 3148 cold-responsive
genes

Meng et al.
(2021)

Drought
tolerance

Gene cloning and
transformation

Abscisic acid-responsive gene
SiARDP cloned in foxtail millet

Li et al. (2014)

Salt and
drought
tolerances

Gene
characterization

Characterization a novel LEA
gene (SiLEA14) from foxtail
millet and overexpression of this
gene significantly enhances the
salt and drought tolerances of
foxtail millet

Wang et al.
(2014)

Numerous
environmental
stresses

Gene
characterization

Characterization two genes
(SiNRT1.11 and SiNRT1.12) for
NRT and one gene for
ammonium transporters
(SiAMT1.1) that accelerates N
acquisition by upregulating these
genes expression

Nadeem et al.
(2018)

Transcriptomics
Drought
tolerance

Illumina HiSeq 2000
platform

Transcriptome analysis of 14-day
old var. Yugu1 seedlings exposed
to 20% polyethylene glycol
(PEG) 6000 stress at different
time points using shoot tissues

Qi et al. (2013)

Salinity
tolerance

Suppression
subtractive
hybridization (SSH)
and dot blot array

Comparative transcriptome
analysis of contrasting foxtail
millet cultivars under short-term
salinity stress (250 mM NaCl;
6 h) using whole seedling

Puranik et al.
(2011)

(continued)
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Table 2.1 (continued)

Abiotic stress Strategy Major findings References

Drought
tolerance

SSH and dot blot
array

Comparative transcriptome
analysis of a tolerant foxtail millet
cv. Prasad at early (0.5 h) and late
(6 h) time points of20%
PEG-induced drought stress
using whole seedling

Lata et al.
(2010)

Salinity
tolerance

cDNA-AFLP Comparative cDNA-AFLP
analysis between contrasting
foxtail millet cultivars differing
for salinity tolerance using leaves

Jayaraman
et al. (2008)

Drought
tolerance

SSH and microarray Comprehensive transcriptome
analysis of a tolerant foxtail millet
cv. Mar1 under drought stress
(20% PEG)using root and shoot
tissues

Zhang et al.
(2007)

Salinity
tolerance

cDNA macroarray A barley cDNA macroarray used
for monitoring transcript
abundance in contrasting foxtail
millet seedlings exposed to long-
term high salinity stress using
whole seedling

Sreenivasulu
et al. (2004)

Proteomics
Drought
tolerance

Expression analysis Identified many differentially
expressed genes (DEGs) in
foxtail millet using SSH and
microarray

Zhang et al.
(2007)

Salinity
tolerance

Transcript profiling Identified salt-responsive
differentially expressed
transcripts (DETs) using the
cDNA-AFLP approach in two
foxtail millet germplasm

Jayaraman
et al. (2008)

Dehydration
tolerance

Gene identification Revealed 86 upregulated genes in
the resistant foxtail millet cultivar
‘Prasad’

Lata et al.
(2010)

Salinity
tolerance

Comparative
transcriptomics

Discovered 159 differentially
expressed transcripts (DETs)

Puranik et al.
(2011)

Drought
tolerance

Transcriptome
profiling

Discovered 2824 drought-
responsive genes with variable
expression patterns.

Qi et al. (2013)

Drought
tolerance

Transcript profiling F-box protein was discovered to
be implicated in drought and
ABA response

Yin et al.
(2014)

Drought
tolerance

In silico study Identified 2297 putative TFs and
categorized them in 55 families in
foxtail millet.

Bonthala et al.
(2014)

Drought
tolerance

Transcriptome
profiling

Discovered 2 TFs namely
SiAREB1 and SiAREB2 were
able to bind SiARDP gene

Li et al. (2017)

(continued)
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Table 2.1 (continued)

Abiotic stress Strategy Major findings References

Drought
tolerance

Gene expression
profiling and cluster
analysis

20 potential candidate genes were
identified and modulate the
genotype-specific drought stress
responses of foxtail millet

Tang et al.
(2017)

Drought
tolerance

Transcriptomic
analysis

Revealed 17 GO enrichments and
14 KEGG pathways and RNA
sequencing analysis identified
numerous DEGs

Shi et al.
(2018); Pan
et al. (2020)

Abiotic stresses Transcriptomic
analysis

Explained overexpression of
glutathione-S-transferase (GST)/
glutathione peroxidase (GPX)
from different species to enhance
stress tolerance toward abiotic
stresses through assisting
peroxide scavenging and
oxidative stress metabolism

Kumar and
Trivedi
(2018); Pan
et al. (2020)

Salinity
tolerance

Transcriptomic
analysis

Identified CAMTA6 that is a key
negative regulator of most salt-
responsive genes and ion
homeostasis during early
germination

Shkolnik et al.
(2019); Pan
et al. (2020)

Salinity
tolerance

Transcript profiling Identified five R2R3 MYB TFs
which increased in DEGs that
responsible for anthocyanin
biosynthetic genes, and further
contribute to flavonoids elevating
and salt resistance

Pan et al.
(2020)

Salinity
tolerance

Expression analysis Identified five PIN genes and six
IAA genes which can reduce
auxin accumulation and growth
inhibition in the root

Pan et al.
(2020)

Drought
tolerance

Transcript profiling Evaluation of different
physiological parameters under
drought condition and expression
of genes SiP5CS1 and SiP5CS2
in foxtail millet and results
revealed upregulation of SiP5CS1
and SiP5CS2 under drought stress
conditions

Qin et al.
(2020)

Proteomics
Salinity
tolerance

2D electrophoresis 7-day old salt-treated tolerant
cultivar “Prasad” seedlings to
perform a proteome study, which
led to the identification of
29 distinct expressed proteins
(DEPs)

Canovas et al.
(2004)

(continued)
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the genes contained within them will aid geneticists and molecular biologists in their
quest to understand C4 metabolism physiology and will help plant breeders in their
goal of developing better products. It serves as a reference genome for molecular
biological studies in the cereals, for the following reasons:

(i) Availability of complete genome sequences of both genotypes, Yugu1 and
Zhang gu (Bennetzen et al. 2012; Zhang et al. 2012), which enabled
investigations of transcriptome activity in a range of tissues and developmen-
tal; stages.

(ii) Large genetic resources for Millet Genome Database (https://db.cngb.org/
datamart/plant/DATApla6/).

(iii) Identification of candidate stress-responsive genes (Sood and Prasad 2017).
(iv) Well-established genetic transformation techniques (Sood et al. 2020).
(v) Strong genome databases facilitating access and depositing of information

(Bonthala et al. 2013).
(vi) The high-resolution mapping of epigenetic modifications for chromosomes

(Ni et al. 2017; Wang et al. 2017).
(vii) The genome-wide identification of genetic variation in gene expression

between different Setaria species (Jaiswal et al. 2019).

Among the most important genomic resources for genetic studies and molecular
breeding approaches are molecular markers, genetic maps, and sequence informa-
tion. As a result, genomic research is needed to develop molecular markers and
identify quantitative trait loci (QTLs), as well as to use marker-assisted breeding to
develop improved cultivars. Furthermore, these genetic resources aid crop develop-
ment efforts by reducing the time and labor-intensive direct screening of germplasm
cultivated in field and greenhouse conditions. Furthermore, genetic maps and
molecular markers are used to help with comparative genomic research in agricul-
tural plants. The foxtail millet genome sequences, as well as genetic and physical
maps, are valuable tools for the discovery and characterization of genes and QTLs

Table 2.1 (continued)

Abiotic stress Strategy Major findings References

Drought
tolerance

qProteomic analysis Identified numerous DEPsin
foxtail millet seedlings and some
of proteins exhibited significant
expression changes. The
qRT-PCR was also carried out to
analyze the transcription levels of
21 DEPs

Pan et al.
(2018)

Metabolomics
Salinity
tolerance

Metabolomic
profiling analysis

Foxtail roots showed significantly
upregulation of 17 flavonoids
synthesis genes and also obtained
27 flavonoids metabolites

Pan et al.
(2020)
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for a wide range of agronomic traits, which can help with marker-aided breeding
(MAB) and crop improvement. Wang et al. (1998) identified 160 loci in the first
foxtail millet genetic map based on restriction fragment length polymorphism
(RFLP) markers in an inter-varietal cross. Since then, numerous researchers and
scientific communities have been involved in the development of linkage maps, as
well as the identification of numerous genes in foxtail millet using genomic or
EST-based molecular markers for further use in genotyping, phylogenetic relation-
ship, and transferability studies (Jia et al. 2007; Jia et al. 2009; Heng et al. 2011;
Gupta et al. 2012; Gupta et al. 2013). Using referenced-based foxtail millet genome
assembly and de novo assembly, Xu et al. (2013) created new 9576 and 7056
microsatellites, respectively. Several other researchers used Setaria genome
sequence data to identify microsatellite repeat motifs (Pandey et al. 2013; Zhang
et al. 2014), eSSRs (Kumari et al. 2013), and TE-based markers (Kumari et al. 2013;
Yadav et al. 2014a). Gupta et al. (2011) and Muthamilarasan et al. (2014a) generated
98 and 5123 intron length polymorphic (ILP) markers in foxtail millet, respectively,
and demonstrated the utility of ILP markers in cross-species transferability, germ-
plasm characterization, comparative mapping, and genomic studies among millets or
non-millet crop plants, respectively. Another noteworthy study produced
176 microRNA (miRNA)-based molecular markers from 335 mature foxtail millet
miRNAs (Khan et al. 2014, Yadav et al. 2014b). Lata et al. (2011a) identified a
synonymous SNP in a novel DREB2-like gene associated with dehydration toler-
ance and developed an allele-specific marker (ASM). The ASMwas also validated in
a core set of over 100 foxtail millet accessions, with regressions of lipid peroxidation
(LP) and relative water content (RWC) on the ASM revealing that the SiDREB2-
associated trait accounted for roughly 27% and 20% of total variation, respectively.
As a result, the significance of this QTL for foxtail millet dehydration tolerance is
demonstrated (Lata and Prasad 2011; Lata and Prasad 2013).

Furthermore, Jia et al. (2013) developed a haplotype map using 916 diverse
foxtail millet accessions that yielded a total of 2,584,083 SNPs, of which 845,787
SNPs (minor allele frequency > 0.05) were responsible for haplotype map. In
genomics-assisted crop breeding, these marker resources are used efficiently from
time to time. Other than these markers, amplified fragment length polymorphism
(AFLP) inter simple sequence repeat (ISSR), and orthologous microsatellite markers
have been employed to analyze genetic relationships, investigate domestication-
related geographical structure, and phylogenetic relationships between foxtail millet
and wild relatives (Le Thierry d’Ennequin et al. 2000; Li and Brutnell 2011; Zhang
et al. 2012). In addition to these, these are also utilized to evaluate genetic diversity,
population structure, and linkage disequilibrium (LD) in various foxtail accessions
(Li and Brutnell 2011; Vetriventhan et al. 2014) as well as for examining important
agronomic traits (Mauro-Herrera et al. 2013; Gupta et al. 2014). These markers and
markers associated studies if once validated, might be used to identify new genes/
QTLs linked to traits of interest and, consequently, in the marker-assisted breeding in
foxtail millet and related crops (Muthamilarasan and Prasad 2015). Qie et al. (2014)
identified QTLs for a number of traits namely promptness index, radical root length,
coleoptile length, lateral root number at germinating stage, and seedling survival rate
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in 190 F7 RILs population derived from foxtail millet cultivar (Yugu1) x wild
Setaria viridis genotype. A total of eighteen QTLs were detected in nine linkage
groups and among them, nine QTLs explained more than 10% of phenotypic
variance for a given trait. Feng et al. (2016) and Li et al. (2017) identified six
abscisic acid stress ripening genes SiASR1 to SiASR6 in tobacco and foxtail millet
which enhanced drought and oxidative tolerance in plants through decreased H2O2

accumulation and improved antioxidant enzyme activities. Meng et al. (2021)
conducted research to predict the cold responsiveness in different cold-tolerant
grass species namely foxtail, proso, pearl millet, and switchgrass. In genomic
assembly of four species identified 2605, 1872, 4888, and 3148 cold-responsive
genes, among them 1154, 992, 1761, and 1609 cold-responsive genes showed
comparative syntenic relationships. Non-syntenic genes, on the other hand,
responded to cold stress in a more varied way across species than syntenic genes.
Chen et al. (2021) identified ARF gene family which participated in stress tolerance
in foxtail millet. Twenty-four SiARF genes were identified using GWAS and their
expression not only revealed their potential functions in stress response but also
indicates their functional redundancy (Chen et al. 2021). Stomatal density and
canopy temperature are the most important traits that could be reduced to improve
water use efficiency (WUE) in C4 crops. Therefore, quantitative trait loci (QTL)
mapping was performed in RILs population derived from a Setaria italica � Setaria
viridis cross under control and drought conditions and identified multiple QTLs that
highlight the potential of Setaria as a model to understand the stress biology in C4

species (Prakash et al. 2021).

2.2.2 Functional Genomics

Extensive research using functional genomics techniques like overexpression, gene
silencing, insertional mutagenesis, and targeted induced local lesion in genome
(TILLING) has been critical in refining our understanding of complex regulatory
networks involved in stress response, adaptability, and tolerance in plants through-
out the post-genomic era. Various omics technologies are also generating massive
data sets in millets, which could be used to identify important candidate genes for
crop development projects utilizing MAS or transgenic technology. Hundreds of
discovered genes or proteins still need to be functionally verified, despite the advent
of genome sequencing programs and proteomics. Various reverse genetics methods
will be essential in these instances. Overexpression of a gene in a homologous or
heterologous system via a constitutive or stress-inducible promoter is a useful
method for determining gene function. Knocking down or reducing the expression
of a gene is another important method for determining its function. Transgenomics,
often known as transgenic technology, is a gene-based functional genomics method
that can provide crucial information on the regulatory mechanisms that support plant
stress tolerance. Transgenomics in millets is still neglected, despite the economic and
nutritional importance.
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The majority of candidate genes functionally validated in Arabidopsis or tobacco
in the case of millet crops are transcription factors (TFs), which can influence the
expression of downstream stress-sensitive genes and thus play an important role in
stress tolerance. Because of its close similarity to possibly bioenergy grasses, the
foxtail millet is an ideal candidate for genetic change among millet crops. A novel
gene from foxtail millet namely SiPf40 that is the member of ZIP gene family was
characterized (Liu et al. 2009) and revealed that its overexpression causes vessel
enlarging and xylary fibers enhancing with significantly decreased IAA content that
could be enhanced cold tolerance in foxtail millet in lesser extent. Despite the fact
that Agrobacterium-mediated transformation is becoming more common, there has
only been one report of improved abiotic stress tolerance in foxtail millet. The
SiARDP overexpression in foxtail millet improved drought tolerance, whereas
constitutive expression of SiARDP in Arabidopsis thaliana improved drought
tolerance throughout seed germination and seedling development. The expression
levels of target genes of SiARDP were upregulated in transgenic Arabidopsis and
foxtail millet. These finding revealed that SiARDP, one of the genes targeted by
SiAREB, is involved in ABA-dependent signalling pathways, and plays a critical
role in the abiotic stress response in plants (Li et al. 2014). Gene silencing is a well-
known reverse genetics approach for discovering the function of a known gene in an
organism that produces morphological changes. As a result, virus-induced gene
silencing (VIGS) with dsRNA has emerged as a valuable and simple functional
genomics method (Baulcombe 2004). VIGS works by utilizing viral vectors that
contain a target region of the host gene to decrease the expression of target plant
genes. The foxtail millet has been chosen as a high-throughput platform for virus-
induced gene silencing (VIGS) to anticipate gene inhibition findings due to its
proximity to a number of bioenergy grasses (Doust et al. 2009). The VIGS technique
for functional assessment of cell wall associated genes in foxtail millet was devel-
oped by Ramanna et al. (2013) using the Brome mosaic virus as a vector. Late
embryogenesis abundant (LEA) proteins played important roles in protecting higher
plants from by environmental stresses. Wang et al. (2014) characterized a novel LEA
gene (SiLEA14) from foxtail millet which was expressed in roots, stems, leaves,
inflorescences, and seeds at different levels under normal growth conditions.
Overexpression of this gene significantly enhances the salt and drought tolerances
of foxtail millet due to responsiveness to ABA, PEG, and NaCl. Furthermore,
SiLEA14 could be used in crops genetic engineering with the aim of improving
stress tolerance. Nitrogen (N) is the macronutrient and is one of the most limiting
factors in agricultural plant production which deficiency or excess tends to slow
down plant growth or to produce toxicity that indirectly invites drought vulnerability
in crop. Nitrogen is obtained in the form of nitrate and ammonium, which are
regulated by nitrate redistribution transporters (NRT) and ammonium transporters
(AMT) (AMT) (Loqué and von Wirén 2004; Nadeem et al. 2020). Recently research
was conducted to identify the functional genes that respond to NRT and AMT in
foxtail millet genotypes. Nadeem et al. (2018) characterized two genes (SiNRT1.11
and SiNRT1.12) for NRT and one gene for ammonium transporters (SiAMT1.1) and
reported that N acquisition was accelerated by upregulating these genes expression.
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Muthamilarasan et al. (2020) performed expression profiling in the Setaria model
species namely Setaria italica and Setaria viridis for distinct stress specific genes
which were subjected to abiotic stresses showed upregulation of SiαCaH1,
SiβCaH5, SiPEPC2, SiPPDK2, SiMDH8, and SiNADP-ME5 in the tolerant cultivar.
Overexpression of SiNADP-ME5 in yeast in dehydration stress conditions highlights
the putative role in conferring dehydration tolerance. Methylation on nitrogenous
bases of DNA may also exhibit stress tolerance. Therefore, research had conducted
by Hao et al. (2020) to analyze the differences of millet seedlings under osmotic
stress using qRT-PCR, bisulfate sequencing PCR, DNAmethyltransferase (DNMT).
Findings revealed that osmotic stress induced the transcriptional expression and
activity of key enzymes in H2S biosynthesis which may improve osmotic stress
tolerance of foxtail millet by mediating DNA methylation. Phosphorus (P), absorbed
from soil solutions, is a limiting nutrient for plant growth and yield. PHT1 family
genes seem to play a key role for low Pi stress tolerance in foxtail millet. Therefore,
twenty genotypes of foxtail millet with contrasting degree of growth and Pi uptake
responses under low Pi (LP) and high Pi (HP) supply were screened and identified
SiPHT1 genes in shoot tissues of the LP best-performing genotypes (LPBG) (Roch
et al. 2020). Gene families namely LEA, DREB, PIP, HSP, and P5CS played crucial
roles in salt tolerance and dehydration tolerance. Therefore, da Cunha Valença et al.
(2020) exploited qPCR analysis to evaluate the expression of selected genes in roots
of Setaria virdis genotypes on three key sampling days (3, 6, and 10) under the stress
conditions and stated that all the genes were significantly upregulated on day
3 (da Cunha Valença et al. 2020). Gene family containing CCT motif played a key
role in photoperiod-regulation flowering pathway that can enhance multiple stress
resistance. Studied phylogenetic relationship among foxtail millet, sorghum, and
maize for CCT motif genes. Real-time PCR analysis showed that the expression
level of SiCCT gene was higher in leaf than in young panicle and leaf sheath that can
exhibit stress tolerance in foxtail millet. PTI1 (Pto-interacting 1) protein kinase
proteins participate in a variety of abiotic stress and defense responses against pest
or pathogens in several plant species. Huangfu et al. (2021) identified 12 SiPTI1
genes from the foxtail genome using qPCR analysis after induction of multiple
stresses. Heterologous expression of SiPTI1–5 in yeast and E. coli enhanced toler-
ance to salt stress (Huangfu et al. 2021). Plants regulate salt uptake via calcineurin
B-like proteins (CBLs). Yan et al. (2021) had done expression analysis and revealed
that overexpression of SiCBL5 increased its salt tolerance in foxtail millet through
lower accumulations of Na+ and stronger Na+ efflux but its knockdown increased
salt hypersensitivity.

2.2.3 Transcriptomics

The term “transcriptome” refers to an organism’s whole set of transcripts (mRNA),
whereas “transcriptomics” refers to the study of these mRNAs. The transcriptome
approach, in and of itself, provides for a comprehensive analysis and quantification
of abiotic stress-induced alterations at the whole-organism level. The use of genome-
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wide expression profiling to discover candidate genes involved in a variety of
biological processes and stress regulation networks has been proven to be beneficial.
Transcriptome research is crucial for the development of molecular markers such as
microsatellites and single nucleotide polymorphisms (Lata 2015). When whole-
genome sequencing is not possible, transcriptome sequencing, or RNA-Seq,
becomes more important. It provides cost-effective, functionally relevant informa-
tion and the production of a large number of genetic resources in a reasonable
amount of time as compared to traditional approaches. Differential gene expression,
isoforms or allele-specific expression, regulatory element characterization, alterna-
tive splicing, RNA editing, population genetics, system biology, etc. are areas that
may be benefited from the information generated using transcriptomics analysis
(Arya et al. 2015). Sreenivasulu et al. (2004) used a microarray filter with
711 cDNA spots suggesting 620 unigenes from a barley EST collection to identify
many differentially expressed transcripts in salt-treated tolerant and sensitive foxtail
millet seedlings. Following that, Zhang et al. (2007) used suppression subtractive
hybridization and cDNA microarray methods to identify many drought-induced
differentially expressed genes in foxtail millet. The expression analysis of these
genes revealed that in response to drought stress, different sets of genes are activated
in the roots and shoots of foxtail millet, with most of them contributing to the protein
degradation pathway. Jayaraman et al. (2008), on the other hand, conducted the first
comprehensive study to identify salt-responsive differentially expressed transcripts
using the cDNA-AFLP approach in two foxtail millet cultivars, tolerant and sensitive
to salinity tolerance, and discovered 90 transcripts derived fragments. Lata et al.
(2010) discovered 86 upregulated genes in the resistant foxtail millet cultivar
“Prasad” under polyethylene-induced dehydration stress. Puranik et al. (2011)
discovered 159 differentially expressed transcripts in a comparative transcriptome
study of salinity tolerant and sensitive cultivars in order to better understand the salt
tolerance pathway. Deep sequencing was used to analyze the whole transcriptome of
foxtail millet by Qi et al. (2013), who discovered 2824 drought-responsive genes
with variable expression patterns. Up to 48.23% and 51.77% of the genes were up-
and downregulated, respectively. The most frequently upregulated proteins were
LEA proteins, dehydrins, HSPs, aquaporins, and phosphatase 2C, indicating a
possible role in foxtail millet drought tolerance. Yin et al. (2014) performed tran-
script profiling on drought-stressed foxtail millet as well. In this study, an F-box
protein was discovered to be involved in drought and ABA response. Apart from the
aforementioned, thorough genome-wide analyses and expression profiling
examinations of numerous TF families such as AP2/ERFs, NAC, C2H2 zinc finger,
and MYB (Lata et al. 2014; Puranik et al. 2013; Muthamilarasan et al. 2014b, c) and
stress-responsive genes such as WD40, DCL, AGO, and RDR polymerases and
ALDH (Mishra et al. 2014; Yadav et al. 2015; Zhu et al. 2014) have also been found
in foxtail millet. Studies These were conducted to characterize gene regulatory
networks and molecular cross linking for abiotic stress responses in foxtail millet,
as well as to analyze gene families involved in stress tolerance, recognize relevant
candidate genes, and identify relevant candidate genes.
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Bonthala et al. (2014) undertaken in silico study and identified 2297 putative TFs
and categorized them in 55 families in foxtail millet genome. Lata et al. (2011b)
identified a DREB2-like TF (SiDREB2) that is associated with drought tolerance in
foxtail millet accessions that can also be useful for other millet species for the
purposes of functional complementation of orthologous genes. Similarly, another
abscisic acid (ABA)-responsive DREB-binding protein gene (SiARDP), cloned from
foxtail millet that increases tolerance to drought and high salinity stress (Li et al.
2014). Furthermore, also found that two TFs namely SiAREB1 and SiAREB2 were
able to bind SiARDP (Li et al. 2017). Tang et al. (2017) studied phenotypic and
transcriptomic differences between two foxtail millet drought-sensitive varieties
(An04 and Yugu1). Gene expression profiling and a cluster analysis suggested that
transcriptomic regulatory mechanisms controlling stress responses in these cultivars
were significantly affected by genotype x environment interactions. After combining
the RNA sequencing data with previously mapped QTLs (Qie et al. 2014), 20 poten-
tial candidate genes were identified. A functional enrichment analysis indicated that
genes involved in phytohormone metabolism and signalling, TFs, cellular detoxifi-
cation, and osmotic adjustment may play important roles in modulating the
genotype-specific drought stress responses of foxtail millet. Drought-resistant foxtail
millet F1 hybrid (M79) and its parental lines E1 and H1 were subjected to
transcriptomic analysis by Shi et al. (2018) and revealed 17 Gene Ontology
(GO) enrichments and 14 Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways in hybrid, including photosystem II (PSII) complex, peroxidase activity,
plant hormone signal transduction, and chlorophyll biosynthesis. RNA sequencing
analysis identified 5258 DEGs between M79 and E1, and 3594 between M79 and
H1, indicating that the drought-tolerant cultivar M79 and its parental lines had
different transcriptional profiles. These results indicate that various molecular
pathways, including photosynthesis, respond to drought stress in M79, and provide
abundant molecular information for further analysis of the underlying mechanism
responding to this stress. Similarly, recently Pan et al. (2020) employed
transcriptomics in foxtail millet cultivars Yugu2 and An04, respectively, and results
revealed that 8887 and 12,249 DEGs identified in both cultivars in response to
salinity, respectively, and 3149 overlapped between two varieties. Shkolnik et al.
(2019) reported that calmodulin-binding transcription activator 6 (CAMTA6) is a
key negative regulator of most salt-responsive genes and ion homeostasis during
early germination. Recently, in foxtail millet, Pan et al. (2020) identified one
CAMTA gene (Si000282m.g), and its decrease also confirmed that Yugu2 is less
sensitive to salt. Kumar and Trivedi (2018) explained that overexpression of
glutathione-S-transferase (GST)/ glutathione peroxidase (GPX) from different spe-
cies enhances tolerance toward abiotic stress through assisting peroxide scavenging
and oxidative stress metabolism. Therefore, a study was conducted by Pan et al.
(2020) to check the expression of GST/GPX in foxtail cultivar and reported higher
expression levels of GST, GPX, and peroxidases (POD) possessing stronger antiox-
idant capacity. Flavonoids produced in foxtail germplasm act as the main anti-
salinity effectors which are regulated by a series of transcription factors (TFs). Pan
et al. (2020) identified five R2R3 MYB TFs which increased in differentially
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expressed genes (DEGs) YG2TvsAn04T and YG2TvsYG2C. The identified DEGs
of TFs might be regulators for activating the transcription of the anthocyanin
biosynthetic genes, and further contribute to flavonoids elevating and salt resistance
improvement of foxtail millet. Salt stress inhibits root meristem development by
stabilizing IAA17 and reducing PINFORMED (PIN) gene expression, lowering
auxin levels and suppressing auxin signalling, respectively ((Liu et al. 2015). Pan
et al. (2020) identified five PIN genes and six IAA genes were also evidently
repressed in both foxtail millet cultivars An04 and Yugu2, which can result in
reduction of auxin accumulation and growth inhibition in root. Stress-induced
DELLA accumulation could hold back growth and enhance the tolerance by
upregulation of ROS detoxification enzymes under stress. The higher expression
level of DELLA genes (Si009972m.g and Si000959m.g) with higher expression
level of ROS scavenging related genes conferred that Yugu2 possessing higher salt
tolerance than An04. Qin et al. (2020) researched to evaluate different physiological
parameters under drought conditions and expression of Δ1-pyrroline-5-carboxylate
synthetase genes (SiP5CS1 and SiP5CS2) in foxtail millet cultivar, Jigu 16. RNA
sequencing analysis results revealed upregulation of SiP5CS1 and SiP5CS2 under
drought stress conditions and described that these genes involve in various physio-
logical functions such as photosynthesis, signal transduction, phenylpropanoid
biosynthesis, starch and sucrose metabolism, and osmotic adjustment. Micro
RNAs (miRNAs) were playing crucial role in developmental gene expression
regulation in plants and act as a important regulator in abiotic stress adaptation.
Therefore, a small RNA sequencing approach was employed to profile the salt stress-
responsive miRNA landscapes of the shoot and root tissues of two Setaria viridis
accessions. RT-PCR analysis identified two regulatory modules (miR160 and
miR167) that were accession- and tissue-specific responses in accessions shoot
and root tissues and provide tolerance against salt stress (Pegler et al. 2020).

2.2.4 Proteomics

The term “proteome” refers to the entire set of proteins produced or modified by an
organism, whereas “proteomics” refers to a large-scale analysis of proteins
expressed in a cell, tissue, or organism at a specific stage or condition in order to
better understand biology or causal regulatory mechanisms. Every organism’s cur-
rent state is determined by the proteome, which is essentially a link between the
transcriptome and the metabolome. Because mRNA levels are rarely associated with
protein accumulation, and proteins have direct effects on biochemical processes, a
proteomics approach to evaluating plant stress responses is becoming more impor-
tant (Gygi et al. 1999). Despite advancements in proteomics research, very few
reports on the application of proteomics to crops have been published in comparison
to other organisms (Reddy et al. 2012). Furthermore, compared to transcriptome
analysis, proteome analysis in plants in response to various stimuli is still relatively
limited (Canovas et al. 2004), with only one study reported in foxtail millet among
all millets. Veeranagamallaiah et al. (2008) performed proteomic study in 7-day old

42 M. S. Bhinda et al.



salt-treated tolerant foxtail millet cultivar “Prasad” using 2D electrophoresis that
identified 29 distinct expressed proteins among them some of involved in stress
response. Pan et al. (2018) identified a total of 2474 differentially expressed proteins
(DEPs) by quantitative proteomic analysis in foxtail millet seedlings for drought
tolerance. There were 321 proteins with significant expression changes, including
252 proteins that were upregulated and 69 proteins that were downregulated.
Western blot analysis was used to confirm the expression patterns of five drought-
responsive proteins. The transcription levels of 21 differentially expressed proteins
were also investigated using qRT-PCR. The findings revealed significant inconsis-
tency in the variation between proteins and their corresponding mRNAs,
demonstrating once again that posttranscriptional modification plays a critical role
in gene expression regulation.

Grain protein contents (GPCs) of seeds is a main indicator of nutritional values of
foxtail millet also play roles in drought tolerance. The GPC were also played
important roles in different metabolic pathways such as starch and sucrose metabo-
lism, glycolysis/gluconeogenesis, amino acids biosynthesis, detoxification and
defense, protein degradation, tricarboxylic acid (TCA) cycle, protein synthesis,
energy metabolism, transporter, pentose phosphate pathway, and signal transduction
pathway. Li et al. (2019) had done 2D electrophoresis coupled with matrix-assisted
laser desorption/ionization-tandem time-of-flight (MALDI-TOF) analysis to charac-
terize the response of foxtail millet under drought stress at a proteomic level. A total
of 104 differentially abundant protein spots (DAPs) were identified; among them,
57 were upregulated and 47 were downregulated under drought treatment. This
study provides new information on proteomic changes in foxtail millet. Xu et al.
(2020) studied proteomic profiles of mature seeds under three drought stress levels,
conducted on two varieties, Longgu6 and Huangjinmiao (HJM) of foxtail millet by
2D electrophoresis. Using proteomics study identified levels of DEPs moderate level
of drought system. Protein biosynthesis was upregulated, and drought stress-related
pathways were enhanced in HJM under moderate level of drought system, thereby
resulting in the increase of GPC in HJM under this condition (Xu et al. 2020).
Selenium response in foxtail could be useful for analyzing the Se response pathway
and producing Se-enriched foxtail millet in the future. Liang et al. (2020)
investigated Selenium (Se) effect on foxtail millet proteomic profiling, identified
123 differentially expressed proteins and results showed that foliar sodium selenite
(Na2SeO3) applied at critical growth stages significantly improved the Se content in
foxtail millet. C-terminally encoded peptides (CEPs) are small peptides, typically
posttranslationally modified, and highly conserved in many species. CEPs are
known to inhibit plant growth and development. Zhang et al. (2021) identified
14 CEPs in foxtail millet. Moreover, expression of all SiCEPs was induced by
abiotic stresses and phytohormones. In the presence of abscisic acid (ABA), growth
inhibition and ABA content in seedlings increased with the concentration of
SiCEP3 gene.
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2.2.5 Metabolomics

The term “metabolome” refers to the totality of low molecular weight biochemicals
found in a sample that are either substrates or byproducts of enzymatic processes and
have a direct influence on the phenotype of a cell, tissue, or organism.
Metabolomics, on the other hand, attempts to assess a sample’s metabolite profile
at a specific time, stage, or environment, and thus provides a functional account of an
organism’s physiological state. Metabolomics concepts such as target analysis,
metabolite profiling, and fingerprinting are examples of metabolomics concepts
that can be applied to large-scale applications such as phenotyping transgenics,
gene function analysis, significant equivalence testing, and stress response tracking.
As a result, metabolomics may be regarded as bridging the genotype–phenotype
divide. A complete transcriptome, proteome, and metabolome study is necessary to
have a detailed knowledge of both gene function and molecular mechanisms
mediating complicated biological processes. Only one research used gas chromatog-
raphy-time-of-flight mass spectrometry (GC-TOFMS) to evaluate the variety of
primary metabolites and phenolic acids in three proso millet types (Kim et al.
2013). A variety of metabolites, including suitable solutes, nitrogen-containing
chemicals, antioxidants, and signal macromolecules, have been discovered to be
involved in salt tolerance (Kim et al. 2007). Li et al. (2018) recognized and
quantified more than 300 secondary metabolites using LC-MS, and inheritance
patterns of metabolome in foxtail hybrids. Among them secondary metabolites,
flavonoids and its derivatives are also identified that play a key role in drought
resistance. The integrative omics analysis suggested that phenyl propanoid, flavo-
noid, and lignin biosynthesis pathways, as well as lysophospholipids, were impor-
tant in determining foxtail millet salinity tolerance. Importantly, Yugu2 tolerance
was linked to improved ion channel and antioxidant system efficiency. The results of
an integrated analysis of metabolomic and transcriptomic data from foxtail millet
roots revealed that 17 flavonoids biosynthesis-related genes were significantly
upregulated in the Yugu2 cultivar when exposed to salinity. The overabundance of
27 flavonoids metabolites was obtained in accordance with gene expression (Pan
et al. 2020).

2.2.6 Phenomics

Phenomics is the high-throughput study of phenotype through the evaluation of an
organism’s morphological, physiological, and biological features, as well as the
linkage of genetic, epigenetic, and environmental factors (Furbank and Tester
2011; Deshmukh et al. 2014). Phenotyping technology advances have been widely
used to analyze germplasm collections in order to predict phenotype based on
genetic markers. This method is referred to as “genetic symptoms” (Deshmukh
et al. 2014). When combined with other omics tools, phenomics can reveal a great
deal about how cell biochemical or biophysical processes result in the final pheno-
type. Plant phenotypes are inherently complex because they result from genotypes
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interacting with a wide range of environmental factors (Bilder et al. 2009).
Automatic and high-throughput phenotyping platforms have been developed to
investigate background variation, trait relationships, plant growth behaviors, and
multi-parametric phenotypic data. Automated imaging tools are used to generate
nondestructive phenotypic data for quantitative studies such as growth, tolerance,
resistance, physiology, and yield that are required to link to molecular studies such as
germplasm collections, population mapping, breeding materials, and the design of
“omics” and quantitative trait locus (QTLs) studies (Rahaman et al. 2015). The field
of plant-based phenotyping is being transformed by automated high-throughput
hardware platforms and associated software packages (Rahaman et al. 2015).
Fahlgren et al. (2015), for example, studied drought responses in Setaria using a
conveyer belt-based platform and scan 3D images. The authors discovered that
Setaria virdis grows faster than foxtail millet using image analysis. Specialized
imaging systems, such as near infrared (NIR) imaging, spectroscopy imaging, and
fluorescence imaging, can also be used to measure physiological traits. For example,
Fahlgren et al. (2015) discovered significant differences in water content in Setaria
species using NIR imaging. Furthermore, fluorescence imaging accurately measures
photosynthesis rate in 2D leaves (Cruz et al. 2016). Spectroscopy imaging can also
be used to investigate stress responses (Rahaman et al. 2015), but this technology has
yet to be used in millet research. It is critical to have a method for obtaining root
images. Rhizotrons are root visualization systems that consist of a thin layer of soil
or nutrient substrates sandwiched between two plastic sheets. This system has been
used to assess the rate of root growth in pearl millet (Passot et al. 2016). Growth and
Luminescence Observatory for Roots (GLO-Roots), an imaging system with a
cleaner background, aids in the detection of luciferase reporter expression in
S. viridis transgenic lines (Sebastian et al. 2016). As phenotyping systems rapidly
develop, it is important to have software packages that can efficiently extract
biologically meaningful information from images. Software such as ImageJ, a new
generation of high-throughput, customizable and open-source software is available
(Singh et al. 2016). PlantCV is another Image Analysis package that has been
developed at the Danforth Plant Science Center, Missouri, USA, which detected
different timely related changes to water availability between the wild and
domesticated Setaria species (Fahlgren et al. 2015) combined with the Bellwether
Phenotyping Platform helps to collect data. Setaria dataset of 79,000 images avail-
able on the iPlant Data Store and through the Bio-Image Semantic Query User
Environment
(Bis Que) platform (Kvilekval et al. 2010; http://plantcv.danforthcenter.org/pages/
data.html; publicly; Goff et al. 2011). Proximal sensing techniques, which can be
used to obtain more accurate plant-level measurements, can be a useful tool in
studying plant stress biology. As a result, a study was conducted to assess water
use efficiency (WUE) in foxtail millet using thermal imaging and visual-near
infrared spectroscopy. The findings indicated that visible-near-infrared reflectance
data and thermal images could be used as a potential rapid technique for assessing
plant physiological responses such as WUE (Wang et al. 2016).
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2.3 Conclusion

In conclusion, foxtail millet can be used as a genetic model to study the domestica-
tion process, population structure, comparative mapping, evolution, and physiology
of C4 photosynthesis, and biomass production in panicoid grasses. By comparing
the genome sequences of foxtail millet and panicoid grasses, potential genes and
molecular markers linked with useful agronomic traits can be identified for utiliza-
tion in crop improvement programs. Foxtail millet can be used to study the regula-
tion of C4 photosynthesis. So, extensive research must be conducted to collect and
identify potential germplasm resources of foxtail millet for useful agronomic traits
and abiotic stress tolerance. Further studies have to be done on the nutritional and
medicinal properties of foxtail millet in order to popularize and increase production
globally.
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