Chapter 16
Genetic Determinants of Drought Stress
Tolerance in Setaria

Mehanathan Muthamilarasan and Manoj Prasad

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

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

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

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

16.2 Drought-Responsive Transcription Factors

The response of plants to drought stress is a complex process involving multiple
dynamic responses at physiological, biochemical, and molecular levels. The stress
signal perceived is communicated via sophisticated signal transduction networks to
initiate the activity of stress-responsive transcription factors (TFs). Comparative
transcriptome analysis of drought-tolerant S. italica cv. “Prasad” using a subtractive
hybridization technique has identified two important stress-responsive transcription
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factors belonging to the DREB (dehydration-responsive element-binding proteins)
and NAC (NAM, ATAF, and CUC) families (Lata et al. 2011). Transcript profiling
of SiDREB?2 and SiNAC2 genes using qRT-PCR in two S. italica cultivars with con-
trasting tolerance to dehydration stress (tolerant cv. “Prasad,” susceptible cv.
“Lepakshi”) revealed significant up-regulation of these genes in the tolerant cultivar
(Lataetal.2011), suggesting putative involvement of these genes in stress-responsive
mechanisms.

DREB is a subfamily of AP2/ERF (APETALA2/ethylene-responsive element-
binding factor) TFs and participates in regulation of stress-responsive gene expres-
sion through ABA-independent pathways. This subfamily comprises two main
subgroups, DREB1 and DREB2, which are involved in responses to chilling and
drought, respectively (Lata and Prasad 2011). Cloning and characterization of
SiDREB? revealed that it is a nuclear localized 234 amino acid protein (25.7 kDa)
encoded by 1119 bp cDNA (Lata et al. 2011). The SIDREB2 protein comprises a 58
amino acid AP2/ERF DNA-binding domain along with two functional amino acids,
valine and glutamic acid, at the 14th and 19th residues, respectively. These two
amino acids were identified in the DBA-binding domain and deduced to be impor-
tant for binding with their respective cis-elements. Sequence alignment showed that
the AP2/ERF DNA-binding domain of SiDREB2 was highly conserved among
AP2/ERF TFs of other Poaceae members (Lata et al. 2011). Expression profiling of
SiDREB? in four S. italica cultivars (drought tolerant cv. “Prasad” and “IC-403579”;
susceptible cv. “Lepakshi” and “IC-480117”) during different time-points of
drought, salinity, and cold stress showed the up-regulation of this gene (up to
12-fold) in tolerant cultivars in response to drought and salinity. The strong respon-
siveness of SiDREB?2 to drought and salinity in “Prasad” and “IC-403579” may be
positively correlated to the tolerance behavior of these cultivars (Lata et al. 2011).

Sequence analysis of the SIDREB2 gene in 43 contrasting S. italica cultivars
identified a synonymous SNP associated with dehydration tolerance at the 558th
base pair (an A/G transition) (Lata et al. 2011). An allele-specific marker (ASM)
was developed from this SNP and validated in a core set of 170 S. italica accessions
(Lata et al. 2011). The regression of lipid peroxidation (LP) and relative water con-
tent (RWC) on this ASM demonstrated that the SiDREB2-associated trait contrib-
utes to ~27 % and ~20 % of the total variation in LP and RWC, respectively (Lata
and Prasad 2012, 2013b).

A genome-wide survey was conducted using in silico approaches based on the role
of DREB TFs in stress response (Lata et al. 2014). The study revealed 171 AP2/ERF-
encoding genes in the S. italica genome (Fig. 16.1), of which 48 were DREB TFs
identified by phylogenetic and domain architecture analysis. Transcript profiling of
candidate genes was performed in drought-tolerant foxtail millet cultivar “IC-403579”
exposed to 20 % polyethylene glycol (PEG 6000) and 250 mM sodium chloride, with
transcript abundance analyzed at 1 h (early) and 24 h (late) post-stress treatments. The
DREB gene SiAP2/ERF-002 was highly expressed in both phases of drought stress,
and SiAP2/ERF-084 as well as SiAP2/ERF-090 was up-regulated in the late phase of
drought and salinity stress. Hormonal treatment studies reported higher expression of
SiAP2/ERF-084 and SiAP2/ERF-090 during the early phase of ethephone (converted
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into ethylene by the plant) and salicylic acid treatments, respectively. SiAP2/ERF-002
was up-regulated in both early and late phases of ethephone and salicylic acid treat-
ments (Lata et al. 2014). The study identified SiAP2/ERF-002 as a potential candidate
gene for further functional validation and overexpression studies with a view towards
its utilization in crop improvement programs for stress tolerance.

NAC TFs are well known for their regulatory role in biotic as well as abiotic stress
in many crop plants (Puranik et al. 2012). A subtractive hybridization study in S.
italica also identified a significant up-regulation of SiNAC2 in both drought (Lata
etal. 2011) and salinity stress libraries (Puranik et al. 201 1a). Molecular characteriza-
tion of SiNAC2 showed that the full length cDNA is 2051 bp with an open reading
frame of 1386 bp encoding a protein of 462 amino acids (51.12 kDa). The full length
SiNAC protein has a conserved NAC domain at its N-terminal (156 amino acids)
along with a hypervariable C-terminal region. Using an electrophoretic mobility shift
assay (EMSA), the DNA-binding site in the SINAC2 protein has also been identified
(Puranik et al. 2011b). Subcellular localization studies suggested that the SINAC2
protein is membrane localized, and nuclear localization is also observed after deletion
of the C-terminus. Expression profiling of SiNAC in S. italica cv. “Prasad” (drought
tolerant) and “Lepakshi” (drought susceptible) in response to salinity and drought
stress showed relatively higher levels of SiNAC transcripts in the tolerant cultivar,
suggesting a positive role of SINAC in stress response (Puranik et al. 2011b).

Similar reports are also available in other crop plants such as rice (SNACI, Hu
etal. 2006; OsNAC045, Zheng et al. 2009), soybean (GmNAC2, GmNAC3, GmNACH4,
Pinheiro et al. 2009), and wheat (TaNAC4, Xia et al. 2010; TaNAC2a, Tang et al.
2012), substantiating the role of NAC TFs in diverse stress responses including
drought tolerance. In view of this, a genome-wide analysis for identification and
characterization of NAC TFs in S. italica was performed by Puranik et al. (2013).
The study identified 147 SiNAC genes (Fig. 16.1), classified into 11 subfamilies. Of
the 147 SiNAC genes, 50 candidate genes were chosen for quantitative expression
analysis in response to various abiotic stresses. During drought stress, SiNAC062,
SiNAC064, SiNAC070, and SiNAC128 were observed to be up-regulated during the
early phase, whereas SiNACO024, SiNAC093, SiNAC100, SiNAC101, and SiNACI28
were up-regulated during the late phase of stress. The study identified SiNACI28 as
a potential candidate for further in-depth characterization (Puranik et al. 2013).

Availability of the S. italica draft genome sequence in the public domain has
facilitated the identification and characterization of a few important stress-
responsive TFs namely, MYB and C,H,-type zinc fingers. MYB and C,H, proteins
represent the largest TF families in plants, playing crucial roles in various devel-
opmental and stress-responsive processes (Ambawat et al. 2013). Considering
their significance, comprehensive genome-wide surveys were conducted, which
led to the identification of 209 and 124 gene family members of MYB and C,H,,
respectively (Fig. 16.1). Phylogenetic analysis categorized SIMYB proteins into
ten groups (I-X) and SiC,H, proteins into five groups (I-V). Comparative analysis
of SIMYB and SiC,H, protein sequences with their orthologs in sorghum, maize,
and rice showed a remarkable conservation in overall protein structure
(Muthamilarasan et al. 2014a, b).
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Expression analysis of SiMYB and SiC,H, candidate genes in response to abiotic
stresses and hormone treatments using qRT-PCR revealed specific and/or overlap-
ping expression patterns of these genes. In the case of SiMYB genes, 11 candidate
genes were chosen for expression profiling and three genes (SiMYB124, SiMYB126,
and SiMYBI150) showed significant up-regulation during drought stress
(Muthamilarasan et al. 2014a). Among the nine SiC,H, genes selected for expres-
sion studies, SiC2H2_031 showed a gradual up-regulation with maximum expres-
sion at 48th hour (h) of drought stress, whereas SiC2H2_78, SiC2H2_85, and
SiC2H2_94 showed higher expression during the early phase of drought stress.
Altogether, these studies have identified potential candidate genes for further func-
tional validation and utilization in crop improvement programs for stress tolerance
(Table 16.1).

In view of the role of TFs in modulating stress-responsive gene regulatory net-
works, TF-encoding genes in S. italica genome have been identified and the TFs in
silico characterized (Bonthala et al. 2014). The study identified 2297 putative TFs
and categorized them in 55 families. This information is available in the Foxtail mil-
let Transcription Factor Database (http://59.163.192.91/FmTFDb/) in which com-
plete details of the TFs are compiled, including their sequences, physical positions,
tissue-specific gene expression data, gene ontologies, and phylogeny (Bonthala
et al. 2014). This database will be useful in pinpointing candidate TFs for stress-
related studies and for performing large-scale investigations.

Though TFs are reported to be effectual in enhancing stress tolerance of trans-
genic plants by regulating the expression of broad-spectrum stress-related genes,
the lack of an efficient transformation system for expressing/overexpressing the
candidate TFs is a bottleneck in Setaria genomics (Diao et al. 2014) (but see Chaps.
20 and 21). As a consequence, the detailed molecular, cellular, and physiological
mechanisms responsible for variation in drought tolerance among foxtail millet
lines have not yet been elucidated.

16.3 Stress-Responsive Proteins in Drought Tolerance

Other than transcription factors, various stress-responsive proteins have been
reported to play roles in conferring tolerance to drought stress (Hasanuzzaman et al.
2013). One such protein is WD40, which largely functions as a platform for protein—
protein interactions and is involved in several biological process, such as signal
transduction, transcriptional regulation, protein modification, cytoskeleton assem-
bly, vesicular trafficking, DNA damage and repair, cell death, and cell cycle progres-
sion (Mishra et al. 2012a; Zhang and Zhang 2015). Reports have shown the
association of these proteins with abiotic stress tolerance in crop plants (Zhu et al.
2008; Lee et al. 2010; Mishra et al. 2012a; Kong et al. 2015). In S. italica, ESTs
encoding for putative WD-domain containing proteins and 14-3-3 like proteins were
identified from a salinity and dehydration stress subtractive cDNA library (Lata et al.
2011; Puranik et al. 2011a). The full length cDNA of SiWD40 was deduced to be
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1795 bp long with an ORF of 1314 bp, which encodes for a 437 amino acid protein
(43.9 kDa). Protein modeling and analysis of SiWD40 revealed an eight blade
B-propeller architecture at the C-terminus, with each blade comprising a four-
stranded antiparallel } sheet (Mishra et al. 2012b). Transcript profiling of the SiWD40
gene in S. italica stress tolerant cv. “IC-403579” at different time-points of drought
stress revealed a steady-state transcript accumulation from early to late phase with
maximum expression at the 48th h of drought stress. Subcellular localization studies
have shown the localization of the SiWD40 protein in the nucleus, and EMSA along
with transactivation assays have revealed the regulation of SiWD40 gene expression
by dehydration-responsive elements (DRE) (Mishra et al. 2012b).

Global analyses of WD40 protein-encoding genes in the S. italica genome
showed the presence of 225 SiWD40 genes, classified into five subfamilies (Mishra
etal. 2013) (Fig. 16.1). Expression analysis of 13 candidate WD40 genes in response
to drought, salinity, and cold stresses has been performed. Among the candidate
SiWD40 genes, SiWD40-028, SiWD40-037, SiWD40-063, SiWD40-106, SiWD40-156,
and SiWD40-203 showed a gradual rise in expression levels and an average higher
expression at 12-24 h (Mishra et al. 2013). This study suggests that SIWD40 pro-
teins might play a prominent role in dynamically integrating multiple regulatory
pathways mediating tolerance to abiotic stresses.

14-3-3 proteins are reported to regulate plant growth and development, and stress
responses through protein—protein interactions, by binding with phosphoserine/
phosphothreonine residues in the target proteins (Li and Dhaubhadel 2011; Denison
et al. 2011). Bioinformatic prediction of 14-3-3 gene family members revealed the
presence of 8 genes in the S. italica genome (Kumar et al. 2015) (Fig. 16.1). Further
characterization revealed large variation in their structure, chromosomal localiza-
tion, and protein properties, and in silico expression profiling indicated their higher
expression in all the four investigated tissues of S. italica namely, roots, stems,
leaves, and spikes. Comparative mapping to identify the orthologous genes in other
grasses showed a high degree of conservation throughout the family. Subcellular
localization studies showed differential localization of Sil4-3-3_a, Sil4-3-3_d,
Sil4-3-3_f, and Sil4-3-3_h proteins within the cell. Sil4-3-3_f was localized in
cytoplasm and nuclear membrane, whereas the other three members were ubiqui-
tously distributed (Kumar et al. 2015).

Transcript profiling of Si/4-3-3 genes in response to drought and salinity stress
as well as ABA, SA, and MeJA treatments indicated that these genes have varied
expression patterns. During drought stress, a relatively high expression of Si/4-3--
3_a, Sil4-3-3_c, Sil4-3-3_d, Sil4-3-3_f, and Sil4-3-3_g was reported at the early
phase. Further downstream characterization indicated the interaction of Sil4-3-3
withanucleocytoplasmic shuttling phosphoprotein (SiRSZ21A) inaphosphorylation-
dependent manner, demonstrating that Sil4-3-3 might regulate the splicing events
by binding with phosphorylated SiRSZ21A (Kumar et al. 2015). The demonstration
of an interaction between Sil4-3-3 and SiRSZ21A provides novel clues on the
involvement of 14-3-3 proteins in splicing events. In this context, it would be inter-
esting to investigate the protein—protein interaction behavior of 14-3-3 proteins during
environmental stresses.
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Cytokinins are reported to participate in various aspects of plant growth,
development, and stress adaptations (Havlova et al. 2008), and the level of cytoki-
nins is fine-tuned by cytokinin oxidase/dehydrogenases (CKXs) (Gajdosovai et al.
2011). In maize and soybean, CKX genes have responded to drought and salinity
stress (Vyroubalova et al. 2009; Le et al. 2012). Considering this, Wang et al. (2011)
conducted a comprehensive genome-wide survey and identified 11 SiCKX genes in
the S. italica genome. Phylogenetic analysis of SiCKX proteins with rice and
Arabidopsis orthologs classified them in two groups. The relative transcript levels
of SiCKX genes in germinating embryos under drought stress showed higher expres-
sion of all SiCKX genes except SiCKX2 and SiCKX11 (Wang et al. 2011), substan-
tiating the role of SiCKX genes in response to drought stress.

Aldehyde dehydrogenases (ALDHSs) are a conserved gene family encoding
NAD (P)*-dependent enzymes, which catalyze the irreversible oxidation of broad-
spectrum endogenous and exogenous aromatic and aliphatic aldehydes into cor-
responding carboxylic acids (Yoshida et al. 1998). Studies have reported the
involvement of these ALDHSs in guarding plants from various biotic and abiotic
stresses by indirectly detoxifying cellular reactive oxygen species (ROS) and/or
reducing lipid peroxidation (Singh et al. 2013). In view of this, Zhu et al. (2014)
performed a genome-wide analysis and identified 20 ALDH genes in S. italica.
The study categorized these SiIALDH genes into ten gene families and examined
their duplication and divergence, chromosomal distribution, gene structure, and
orthologous relationships with rice. Further, the SIALDH genes were subjected to
quantitative expression analysis in response to drought, salt, high and low tem-
perature, and hydrogen peroxide stress treatments. In the event of drought stress,
all the SIALDH?2 genes were up-regulated except SIALDH2CI1, SiALDH3H?2, and
SiALDHI11AI. Of note, SIALDH2C4 showed maximum expression at the 6th hour
of drought stress (Zhu et al. 2014) and is a potential candidate for modifying
drought stress response.

Late embryogenesis abundant (LEA) proteins are accumulated in seeds during
the later stage of development before the desiccation phase, and these proteins are
also reported to function in protecting the plants from environmental stresses (He
etal. 2012; Liu et al. 2013). Reports have shown the accumulation of LEA proteins
during drought stress, and their overexpression confers stable tolerance to water
deficit in transgenic plants (Xu et al. 1996; Colmenero-Flores et al. 1999; Goyal
et al. 2005; Tolleter et al. 2010). In S. italica, a novel member of the atypical sub-
group 5C LEA gene named SiLEA[4 was functionally characterized (Wang et al.
2014a, b). The full length sequence of SiLEA 14 has 821 bp, encoding a 170 amino
acid LEA protein (18.77 kDa), which is cytosol localized. Expression levels of
SiLEA 14 under drought stress showed an immediate induction within 0.5 h of stress
initiation and maximum expression was reported at 12 h. Overexpression of
SiLEA 14 in Arabidopsis and S. italica enhanced the tolerance of transgenic plants to
drought stress, with a higher accumulation of proline and sugar (Fig. 16.1; Wang
etal. 2014a, b). The findings suggested that overexpression of SiLEA 14 gene in crop
plants might improve tolerance to drought stress, but further experimental validation
is required to support this conclusion.
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Studies have been performed to identify the members of the RNA silencing
machinery, such as Dicer-like (DCL), Argonaute (AGO), and RNA-dependent RNA
polymerase (RDR) genes, and understand how they regulate gene expression during
abiotic stress in Arabidopsis (Henderson et al. 2006), rice (Kapoor et al. 2008),
maize (Qian et al. 2011), tomato (Bai et al. 2012), and poplar (Zhao et al. 2015).
Similar efforts have identified 8 DCL, 19 AGO, and 11 RDR genes in S. italica
(Yadav et al. 2015a) (Fig. 16.1). These genes have been characterized using in silico
approaches, and expression profiling was performed for candidate genes (4 DCL, 5
AGO, and 3 RDR) in response to salinity and drought stress in two S. italica cultivars
(cv. “IC04,” stress tolerant; cv. “IC41,” stress susceptible). The results found a dif-
ferential expression pattern of candidate genes at two different time-points, stresses
and cultivars, thus suggesting the participation of these genes in a complex molecu-
lar network of stress response (Yadav et al. 2015a). Significantly higher expression
levels of SiDCLOI, SiDCL06, SiAGOO0S, SiAGOO018, and SiRDR07 during drought
stress suggests that these genes should be further functionally analyzed. Altogether,
the identification, characterization, and expression profiling of stress-responsive
protein-encoding genes in S. italica has established the putative role of respective
proteins in complex networks of pathways to perform diverse physiological, molec-
ular, and cellular functions in response to drought and other stresses. Though the
expression profiling studies provide a clue to the role of these proteins in imparting
stress tolerance (Table 16.1), comprehensive functional characterization is required
to confirm their functionality and durability in conferring tolerance.

16.4 Small RNAs in Drought-Regulated Gene Expression

Small RNAs (sRNAs) are a part of noncoding RNAs, and they comprise two major
classes namely, microRNAs (miRNAs) and endogenous small interfering RNAs
(siRNAs). Both miRNAs and siRNAs are identified as modulators of gene expres-
sion at the post-transcriptional level and have emerged as key players in stress
responses (Sunkar et al. 2007). miRNAs regulate the expression of the target tran-
script by binding to reverse complementary sequences, causing cleavage of the tar-
get RNA, whereas siRNAs bind to the target sequence in a similar manner and
direct DNA methylation (Khraiwesh et al. 2012). Involvement of miRNAs in vari-
ous biotic and abiotic stresses including drought (Zhao et al. 2007; Liu et al. 2008;
Zhou et al. 2010), cold (Zhou et al. 2008), salinity (Liu et al. 2008; Sunkar et al.
2008), bacterial infection (Navarro et al. 2006), UV-B radiation (Zhou et al. 2007),
and mechanical stress (Lu et al. 2005) have been well documented. Advances in
high-throughput sequencing and small RNA profiling have facilitated the sequenc-
ing of small RNA libraries of drought stress samples for identification of drought-
related miRNAs (Ding et al. 2013; Rajwanshi et al. 2014).

The genomic and CDS sequences of S. italica were analyzed for plant miRNA
sequences, and 355 mature miRNAs (Sit-miR) were identified and classified into 53
families (Khan et al. 2014). Secondary structures and putative targets of Sit-miRs
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were then identified, followed by chromosomal localization, comparative mapping,
and tissue-specific expression profiling. Northern blot analysis and stem-loop
RT-gPCR of candidate Sit-miRs in response to different abiotic stresses in two S.
italica cultivars (“IC-403579,” stress tolerant; “IC-480117,” stress susceptible)
were performed. The analysis showed up- and down-regulation of candidate Sit-
miRs during various stresses. In the drought-tolerant cultivar, Sit-miR156c, Sit-
miR397a, Sit-miR393, Sit-miR160d, and Sit-miR6248a were down-regulated.
Up-regulation of Sit-miR162a, Sit-miR167b, and Sit-miR171b was also observed in
the tolerant cultivar when compared to the expression levels of respective Sit-miRs
in susceptible cultivars (Khan et al. 2014). The complete data of identified sit-miRs
including chromosomal location, length, MFE, AMFE, sequences of pre-miRNA
and mature miRNA, secondary structure, and target gene information have been
made available to the global research community through an open access web
resource, Foxtail millet miRNA Database (http://59.163.192.91/FmMiRNADb/
index.html; Khan et al. 2014).

The use of two S. italica cultivars “IC-403579” (stress tolerant) and “IC-480117”
(stress susceptible) in all the functional genomics studies discussed above encouraged us
to construct four small RNA libraries from control and drought-stressed seedlings of
these cultivars, which were then sequenced using the Illumina HiSeq 2000 platform
(Yadav etal. 2016). A total of 55 known miRNAs (representing 23 miRNA families) and
136 novel miRNAs (representing 47 miRNA families) were identified in this study.
Other downstream analyses such as chromosomal positioning, structure and target pre-
diction, target annotation and validation, and expression profiling were performed, and
a few candidate novel dehydration-responsive Sit-miRs were validated by stem-loop
quantitative real-time PCR. Further functional characterization of these Sit-miRs are in
progress (Yadav et al. 2016). Of note, this study showed differential expression pattern
of Sit-miRs in response to drought, which may play an important role in providing the
contrasting tolerance characteristics of these cultivars.

A similar bioinformatic approach was followed by Khan et al. (2014), with some
modifications in the filtering criteria used by Han et al. (2014), and 271 miRNAs
belonging to 44 families were predicted. The study identified 23 pairs of sense/anti-
sense miRNAs and 18 miRNA clusters as well as 432 targets for 38 miRNA families.
Of these, 43 miRNAs were chosen for tissue-specific expression profiling in S. italica
leaves, roots, stems, and spikes, and five predicted targets of four miRNAs were exper-
imentally validated using 5'-RLM-RACE (Han et al. 2014). In another study, two
small RNA libraries constructed from shoot tissue of S. italica inbred line “Yugul”
were sequenced using the Illumina HighSeq 2000 platform, and 43 known miRNAs,
172 novel miRNAs, and 2 miRNA precursor candidates were identified (Yi et al.
2013). Targets of these miRNAs were predicted and annotated, followed by validation
of candidate miRNAs by stem-loop RT-PCR in four tissues (Yi et al. 2013). Though
these studies are insightful in understanding the miRNAome of S. italica, the role of
identified miRNAs in response to drought and other stresses remains elusive.

Investigation of genome-wide transcriptome reconfiguration in S. italica chal-
lenged by drought stress was performed by Qi et al. (2013). RNA and sRNA libraries
were constructed from drought stressed and unstressed (control) whole seedlings of
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S. italica “Yugul” and sequenced. Among the sSRNAs, 24-nt (nucleotide) SRNAs
were found to be predominant followed by 21, 22, and 23-nt sSRNA. The study
inferred that decreased levels of 24-nt siRNA around genic regions have a negative
role in influencing gene expression in response to drought stress. Particularly, the
differential expression analysis identified the maximum levels of 19 long noncoding
RNAs during drought stress and, among these, two natural antisense transcripts
(NATs of Si003758m and Si038715m) showed drought-regulated expression patterns
(Qi et al. 2013). The generated raw reads from the studies of Yi et al. (2013) and Qi
et al. (2013) are available in the NCBI SRA database under accession numbers
SRA062640 and SRA062827.

Taken together, it is understood that identification and characterization of target
genes is important for delineating the role of sSRNAs. Prediction of SRNAs and their
targets followed by their functional analysis will assist in understanding the com-
plex miRNA- and siRNA-mediated regulatory networks controlling stress-responsive
machinery in Setaria.

16.5 Strategies for Identifying Genetic Determinants
of Drought Tolerance

Comprehensive molecular investigations have elucidated the role of a few known
genes and gene families in stress responsiveness of S. italica, but so far no novel
gene has been reported for stress tolerance. The genome annotation data of S. italica
“Zhang gu” and “A2” has identified 1517 foxtail millet-specific gene families, of
which 586 genes were annotated as “response to water” [GO:0009415, defined as
any process that results in a change in state or activity of a cell or an organism (in
terms of movement, secretion, enzyme production, gene expression, etc.) as a result
of a stimulus reflecting the presence, absence, or concentration of water] (Zhang
et al. 2012). This demonstrates the existence of unexplored genetic determinants
which could be responsible for stress-tolerance behavior and adaptation of Setaria
to arid and semiarid environments. Furthermore, advances in next-generation
sequencing (NGS) technologies and high-throughput analysis platforms provide an
excellent opportunity to explore the genome and transcriptome of Setaria for pin-
pointing genes/alleles/QTLs responsible for drought tolerance.

Reports have indicated that drought tolerance is a complex trait dynamically con-
trolled by numerous genes, and it is therefore imperative to identify the candidate
genes to decipher the mechanism of drought response in Setaria, which would expe-
dite genetic improvement either by molecular breeding or transgene-based
approaches. Until now, genetic studies using approaches like subtractive cDNA
hybridization, qRT-PCR, and ¢cDNA microarray have been performed in Setaria
(Diao et al. 2014; Muthamilarasan and Prasad 2015), but mapping of QTL at the gene
level through map-based cloning has not been reported. In this context, NGS plat-
forms can provide a comprehensive insight into sequence variations in the genome,
and whole genome resequencing (WGR) could assist in detecting polymorphisms,



16 Genetic Determinants of Drought Stress Tolerance in Setaria 281

develop high-throughput markers, understand epigenetic modifications, identify
splice variants, and perform expression profiling and DNA footprinting (Fig. 16.2)
(Delseny et al. 2010). NGS is also used for identification of candidate genes and vari-
ants underlying important traits by linkage mapping, genome-wide association map-
ping, and genotyping-by-sequencing (Fig. 16.2) (Varshney et al. 2014).

Identifying and utilizing the sequence variation present in the genome is imperative
for crop genetics and breeding. Availability of the S. italica genome sequence in public
databases (Phytozome: http://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_
Sitalica; Foxtail millet Database: http:/foxtailmillet.genomics.org.cn/page/species/
index.jsp; PlantGDB: http://www.plantgdb.org/SiGDB/; Setaria italica Functional
Genomics Database: http://structuralbiology.cau.edu.cn/SIFGD/) has enabled the
development of high-throughput molecular markers such as microsatellites (Pandey
et al. 2013; Kumari et al. 2013; Zhang et al. 2014), intron-length polymorphisms
(Muthamilarasan et al. 2013), miRNA-based (Yadav et al. 2014) and transposable
elements-based markers (Yadav et al. 2015b), and development of a marker database
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Fig. 16.2 An integrated strategy of classical and reverse genetics for dissecting the drought-
tolerance mechanisms and enhancing tolerance is illustrated. DT drought tolerance, DS drought
susceptibility, GWAS genome-wide association study, QTLs quantitative trait loci, NIL near-
isogenic line, /L isogenic line, MABC marker-assisted backcrossing, MARS marker-assisted recur-
rent selection, MAS marker-assisted selection, GWS genome-wide selection
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(http://www.nipgr.res.in/foxtail.html; Suresh et al. 2013). The genome sequence
information has also served as a reference in whole genome resequencing (WGR) of
916 S. italica accessions collected from different eco-geographical zones of the world
and the construction of a high density haplotype map using 85 million single nucleo-
tide polymorphisms, which revealed genomic variations among these accessions (Jia
et al. 2013). Similarly, the S. italica genome sequence data facilitates WGR of culti-
vated and wild varieties of Setaria with contrasting phenotypes to identify novel
genes/alleles/QTLs underlying drought response and to execute NGS-based genom-
ics-assisted breeding for drought tolerance. Though the S. viridis genome has also
been sequenced (Bennetzen et al. 2012), the lack of publically available sequence
information has for a long period significantly impeded the development of genetic
and genomic resources in this important model species. However, recent develop-
ments have made this data available in the web portal “Setariabase” (http://www.sviri-
dis.org; Brutnell et al. 2015).

In addition to WGR, transcriptome sequencing could be useful for elucidating
the transcriptional and post-transcriptional regulation of genes in response to
drought stress and to understand the global expression pattern of the Setaria genome
(Deyholos 2010). Transcriptomes of four S. italica tissues namely root, stem, leaf,
and spike, as well as RNA-seq data of whole seedlings under drought conditions is
already available in the NCBI SRA database (Zhang et al. 2012; Qi et al. 2013). In
the case of S. viridis, RNA-seq data of leaf, stem, node, crown, root, spikelet, floret,
and seed tissues at three developmental stages including seed germination, vegeta-
tive growth, and reproduction is available in NCBI SRA (Xu et al. 2013). Using
these data as a reference, transcriptomes of Setaria accessions with distinctive phe-
notypes could be sequenced and compared to identify novel transcripts, which could
be responsible for the trait-of-interest. Besides transcriptome sequencing, a few
small RNA libraries have also been sequenced in control and stressed conditions,
and miRNAs modulating drought stress-associated processes and gene networks
identified (Yi et al. 2013; Qi et al. 2013; Yadav et al. 2016). Moreover, examining
the DNA methylation profiles and small RNA profiles of drought-stressed libraries
will facilitate the identification of genes and/or regions that are regulated by miRNA/
siRNA-mediated DNA methylation, which could contribute to epigenetic inheri-
tance of drought stress tolerance.

Proteomics offers versatile approaches for identifying drought-responsive pro-
teins and corresponding genes (Kamal et al. 2010). More importantly, proteomics
techniques are potent tools to delineate stress-responsive proteins and their corre-
sponding genes even when genome sequence information is not available. A sug-
gested pathway for such an analysis could include the resolution of total protein of
Setaria cultivars subjected to drought stress and control conditions on two-
dimensional gel electrophoresis, followed by in-gel digestion and MALDI-TOF
mass spectrometry analysis. Subsequent in silico protein and nucleotide BLAST
searches (e.g., using the MASCOT program; Brosch et al. 2009) would reveal dif-
ferentially expressed proteins and their corresponding genes. Thus, proteomics
could bridge the gap between transcriptome and metabolome and complement
genomics approaches.
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Recently, research has shifted from understanding the physiological and molecular
responses of crop plants exposed to individual stress to those exposed to a combina-
tion of stresses, as numerous reports have demonstrated that the response of plants
to concurrent stresses is unique and not directly extrapolated from the individual
stress responses (Mittler 2006; Atkinson and Urwin 2012; Rasmussen et al. 2013;
Suzuki et al. 2014; Ramegowda and Senthil-Kumar 2015). All the stress-related
investigations conducted in Setaria were in response to different stresses applied
individually and so far studies on the impact of combined/concurrent stress have not
been performed. However, we can speculate that combinations of stresses could
activate complex pathways controlled by different signaling events, which might be
unique to Setaria. Therefore, research programs should focus on understanding the
tolerance mechanism of Setaria to a combination of biotic and abiotic stress condi-
tions, especially the stresses which mimic field conditions.

In the “-omics” era, identifying the genetic determinants for drought tolerance
might not be a difficult task, but understanding the exact role of those genetic
determinants in improving drought tolerance is challenging due to the lack of
efficient Setaria transformation systems (Diao et al. 2014; Muthamilarasan and
Prasad 2015; Brutnell et al. 2015). The availability of high-throughput genetic
transformation systems has accelerated the maturation of rice and Arabidopsis
genomics, but limited availability of such efficient protocols in Setaria has
impeded further molecular studies in this model crop (Diao et al. 2014;
Muthamilarasan and Prasad 2015). Further advances in transformation are
reported in this volume (Chaps. 20 and 21). Irrespective of this, many candidate
genes have been identified in S. italica which could be utilized in improving abi-
otic stress adaptation of other cereal crops.

16.6 Conclusions

Global climate change has caused irreversible damage to the earth’s environment,
which includes rise in atmospheric temperature, melting of glaciers, increase in sea
levels, and changes in rainfall patterns. Emission of greenhouse gases due to extreme
anthropogenic activities and extensive deforestation regimes accelerate the effects
of climate change. These adverse conditions have severe impact on yields of crop
plants, especially cereals (IPCC 2014) while, on the other hand, agricultural pro-
ductivity needs to increase globally by an estimated 60 % by 2050 to meet the food
and feed demands of a growing population (FAO 2015). Development of climate
change resilient crops is the principal solution for this aggravating problem, but
genes that enable growth and reproduction in adverse environments might have
been lost in all the presently cultivated crops during domestication and improve-
ment. Reports have shown that genetic diversity for stress tolerance, which enhances
yield stability could be present in traditional landraces, wild relatives, and geneti-
cally close crop plants which are well adapted to adverse environments (Khoury
et al. 2013; Atwell et al. 2014; Brutnell et al. 2015).
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Being cereal crops, Setaria sp. and major cereals show high levels of synteny at
the genome level, and, as discussed in the above sections, S. ifalica and S. viridis are
tractable models for understanding stress biology and C, photosynthesis. Both spe-
cies are tolerant to drought stress, which is the major impact of climate change, and
in view of this, attempts have been made to identify the genetic determinants of
drought stress using various molecular genetic and genomic approaches. At present,
functional characterization is required to confirm the drought responsiveness of the
identified genes and once confirmed, these could be introgressed into major cereals
for generating elite cultivars with durable stress tolerance.
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