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Physiological and molecular
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adaptation in foxtail millet:
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Drought stress poses a major challenge to global agriculture under accelerating
climate change. Foxtail millet (Setaria italica), a C4 crop native to China, has
emerged as both a coarse grain crop in arid regions and a model for studying
drought adaptation. This mini review synthesizes recent advances in
understanding the multi-level drought response network of foxtail millet,
encompassing root system remodeling, stomatal regulation, osmotic
adjustment, and photosynthetic and metabolic reprogramming. These
physiological processes are coordinated by interconnected signaling modules
involving Ca?*, reactive oxygen species (ROS), and abscisic acid (ABA), and are
transcriptionally fine-tuned by transcription factors (TFs), non-coding RNAs, and
epigenetic modifications. We also emphasize the genetic and germplasm
diversity underlying drought tolerance, highlighting foxtail millet's potential as a
comparative C4 model for functional genomics and climate-resilient breeding.
Despite substantial progress, critical gaps remain in understanding hormone
crosstalk, root—shoot signaling, and the integration of metabolic and
transcriptional responses. Future research integrating pan-genomics, multi-
omics, and precision genome editing, combined with translational breeding
aimed at enhancing yield stability under climate variability, will deepen
mechanistic understanding and accelerate the improvement of drought-
resilient cereal crops.

KEYWORDS

foxtail millet, drought adaptation, ABA signaling, epigenetics, germplasm diversity,
signaling networks, genetic diversity

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1701035/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1701035/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1701035/full
https://www.frontiersin.org/articles/10.3389/fpls.2025.1701035/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2025.1701035&domain=pdf&date_stamp=2025-12-12
mailto:zhanghaoshan@caas.cn
mailto:zhaoling0909@126.com
mailto:wang521wgp@163.com
https://doi.org/10.3389/fpls.2025.1701035
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2025.1701035
https://www.frontiersin.org/journals/plant-science

Gao et al.

1 Introduction

Drought is a pervasive abiotic stress that severely limits
agricultural productivity worldwide (FAO, 2023). Over the past
two decades, climate change has intensified both the frequency and
severity of drought events, leading to substantial yield losses in
cereals such as wheat, maize, and rice (Nations, 2022). Global
estimates suggest that more than half of the world’s population
will be exposed to water scarcity (Mekonnen and Hoekstra, 2016;
Veldkamp et al,, 2016), making the development of drought-
resilient crops a critical priority for food security. In China, arid/
semi-arid regions cover over half the land area, with frequent
drought disasters causing heavy economic losses (Wang et al,
2004; Zhai and Liu, 2012). Within this context, foxtail millet has
gained prominence given its drought resilience (Sun et al., 2011; Hu
et al., 2018; Pardo and VanBuren, 2021; Xiao et al., 2021; Zhao
et al., 2025a).

Long-term breeding and cultivation of foxtail millet in arid
regions has selected for drought-resilient traits, which enable foxtail
millet to exhibit superior water-use efficiency and carbon fixation
capacity under limited moisture compared to other C4 plants like
maize and sorghum. Foxtail millet’s leaf water-use efficiency is more
than twice that of maize and sorghum (Sun et al., 2011). Compared
to maize, it uses roughly 70% of the water required to produce
equivalent biomass (Niu and Guo, 2022). In addition, rich
germplasm resources, high-quality reference genomes, multi-
omics datasets, and mature transgenic technology make foxtail
millet a new ideal platform for functional genomics and systems
biology researchers (Jia et al., 2013; Upadhyaya et al., 2015; Doust
and Diao, 2017; Hu et al., 2018; Yang et al., 2020; Li et al., 2022; He
et al., 2023a).

In general, compared with economically important crops such
as maize, wheat, and rice, foxtail millet has stronger drought
adaptability and complete omics information, making it an ideal
C4 model crop for drought research (Ceasar et al., 2025). In this
mini review, we synthesize recent advances in foxtail millet drought
adaptation, which centers on water acquisition and root system
remodeling; stomatal regulation and water-use efficiency; osmotic
adjustment and cellular protection; photosynthetic acclimation and
energy metabolism; and signal perception and transcriptional
reprogramming. We also discuss the uniqueness of foxtail millet
as a comparative model for C4 drought biology and propose a
conceptual framework for future integrative research.

2 Drought adaptation strategies in
foxtail millet

Foxtail millet exhibits a suite of finely coordinated drought-
adaptation strategies that integrate morphological, anatomical,
molecular, and biochemical adjustments. Foxtail millet is a short-
statured crop with a low transpiration rate. It has a short growth
cycle and matures quickly, effectively avoiding drought caused by
climate change. As a small-grain crop, it tends to produce more
seeds within a limited growing period (Sun et al., 2019; Ceasar et al.,
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2025). However, beyond simple avoidance, foxtail millet expresses
dynamic physiological plasticity, which enabling rapid transitions
between growth and conservation modes in response to fluctuating
soil moisture. Although many of these strategies parallel those
observed in other cereals, their expression in foxtail millet is
typically faster, more reversible, and more tightly linked to
molecular regulatory pathways, allowing efficient water uptake,
minimized loss, and sustained metabolism during prolonged
drought (Figure 1A).

2.1 Water acquisition and root system
remodeling

Root system remodeling serves as the primary adaptive
interface between foxtail millet and droughted soil environments.
Foxtail millet possesses a dense, fibrous root system capable of
extracting water from deep soil layers, forming the structural
foundation for its drought tolerance (Ceasar et al., 2025).
Comparative analyses across ecological regions demonstrate
adaptive divergence in root traits. For example, genotypes from
arid northwestern China develop significantly longer roots than
those from humid northeastern regions, consistent with selective
pressure from rainfall gradients (Yang et al., 2022). Under nutrient
limitation, root architectural plasticity extends beyond water
foraging, as foxtail millet enhances lateral root growth under
phosphorus stress and thickens primary roots under nitrogen
limitation responses that simultaneously improve hydraulic
conductivity and drought resilience (Nadeem et al., 2020).

At the molecular level, drought perception in roots rapidly
triggers cytosolic Ca*" influx, which is decoded by Ca*" sensors
such as calcineurin B-like proteins (CBLs) (Wilkins et al., 2016; Tang
et al,, 2020; de Oliveira et al,, 2024; Qin et al.,, 2024). Among them,
SiCBLS5, a functional ortholog of AtCBL3, is highly expressed in roots
and interacts with the kinase SiCIPK24 to regulate Na* homeostasis
and osmotic balance, thereby improving stress tolerance. Although
overexpression of SiCBL5 enhances drought resistance, the
downstream network controlling root morphogenesis remains
unresolved, highlighting a key mechanistic gap for future research
(Yan et al,, 2021). Proteomic analyses further indicate that root tissues
exhibit broader activation of hormone-responsive proteins than
leaves, including SiMAPK (involved in ABA signaling) and SiOPR1
(linked to jasmonic acid biosynthesis), underscoring root-specific
drought signaling complexity (Gao et al., 2023).

In foxtail millet, the ethylene-dependent, drought-induced, and
antagonistic SimiR396d-SiGRF1 module is a key molecular
mechanism regulating drought tolerance and root remodeling.
Seedlings of foxtail millet overexpressing SimiR396d exhibit
elongated root length and enhanced drought tolerance; in contrast,
seedlings with knockdown of SimiR396d or overexpressing SiGRFI in
foxtail millet show drought-sensitive (Zhang et al., 2023). However,
the drought phenotype of this module in the reproductive stage of
foxtail millet has not been clarified, and its role in drought tolerance
and stable yield of foxtail millet remains to be further evaluated
(Zhang et al., 2023). Drought also induces genes involved in cell wall
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FIGURE 1

Integrated physiological and molecular mechanisms underlying drought adaptation in foxtail millet. (A) Physiological and signaling overview of
drought stress adaptation in foxtail millet. Drought triggers a coordinated response involving root system remodeling, stomatal regulation, and
photosynthetic adjustment. Calcium (Ca®*), reactive oxygen species (ROS), and abscisic acid (ABA) signaling converge to activate stress-responsive
pathways in both roots and leaves. Key modules such as SiCBL5-SiCIPK24, SiDPY1-SiSAPK6, and SiYTH1-mediated m6A regulation coordinate
drought perception, signal transduction, and transcriptional reprogramming. These interactions enhance root water uptake, promote stomatal
closure, and maintain cellular homeostasis, collectively supporting morphological (leaf rolling, root remodeling) and physiological (photosynthesis
inhibition, water-use efficiency) drought adaptation. (B) Network-level molecular regulation of drought tolerance in foxtail millet. At the mechanistic
level, drought induces ABA biosynthesis (SINCED3) and activates ABA—-SnRK2—-bZIP/NAC/WRKY modules, leading to the expression of genes for
osmotic balance, ROS scavenging, and lignin biosynthesis. Cross-talk among ABA, ethylene, and Ca* signaling integrates with epigenetic and post-
transcriptional regulation, including the miR396d-SiGRF1 module and SiYTH1-mediated m6A modification. Histone acetylation regulators (SIHDA9,
SiHAT3.1, SIHDA19) further fine-tune gene activation. Together, these pathways establish a multi-layered regulatory network that enhances drought
tolerance through integrated hormonal signaling, transcriptional control, and epigenetic modulation.

modification, cytokinin transport, and meristem differentiation,
reflecting active remodeling of root growth zones. QTL mapping in
interspecific crosses between Setaria italica and Setaria. viridis
identified loci associated with root proliferation and cell cycle
regulation under water deficit, confirming the developmental basis
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of root plasticity (Qie et al,, 2014; Tang et al., 2017). These molecular
adjustments collectively produce phenotypes characterized by
accelerated root elongation, deeper rooting profiles, and enhanced
rhizosheath formation (Ajithkumar and Panneerselvam, 2013; Liu
et al., 2018; Gao et al., 2023). Transcriptomic data further reveal that
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primary energy metabolism pathways (glycolysis, TCA cycle, and
ATP synthesis) are rapidly activated in roots during early drought
stress, supporting the hypothesis that foxtail millet sustains active
metabolic flux to fuel root growth and osmotic adjustment (Zhang
et al., 2007). The root architecture thus transitions from shallow to
steep, optimizing soil water extraction under drought stress (Xiong
et al, 2025). Root water transport efficiency is enhanced via the
upregulation of aquaporin genes (SiPIPs), which increase hydraulic
conductivity and sustain shoot hydration (Zhang et al.,, 2007). Such
physiological and molecular integration exemplifies the coordinated
drought-response hierarchy in foxtail millet, where signaling
pathways (Ca®*, ethylene, and ABA) converge to remodel root
architecture in a genotype-and environment-specific manner.

2.2 Stomatal regulation and water-use
efficiency

Stomata are surrounded by a pair of guard cells and serve as the
primary channels for plants to efficiently absorb carbon dioxide for
photosynthesis, while also regulating water transpiration
(Schroeder et al., 2001; Hsu et al., 2020; Liu et al., 2022a).

Stomatal movement is driven by ABA, Ca®", and ROS signaling
integration. Drought stress elevates ABA synthesis through
SINCED1 (Huang et al,, 2023), leading to the activation of ABA
receptors (SiPYLs) (Zhang et al, 2021; Ma et al,, 2025), SnRK2
kinases (SiSAPK6) (Zhao et al., 2023), and TFs such as SiIAREB/
ABF and SiARDP, which coordinate stomatal closure and osmotic
balance (Li et al., 2014, 2017). The m®A reader SiYTH1 stabilizes a
set of drought-related transcripts, including SiIARDP (an ABA-
responsive DREB-binding protein) and ROS-scavenging genes such
as SiAPX1, SiGRXC7, and SiGULLO4. This stabilization ensures
signal continuity and fine-tuned stomatal kinetics, thereby
enhancing Ca®"/ABA/ROS signaling for stomatal closure under
drought stress. Under drought, SiYTHI-overexpressing seedlings
exhibit >80% stomatal closure, which is significantly higher than the
wild-type (~40%) and siythl mutants (<25%) (Luo et al., 2023).
Drought-tolerant foxtail millet cultivars have mainly evolved two
distinct adaptive patterns of stomatal development. The first pattern
is characterized by reduced stomatal density with no significant
change in individual stomatal size, such as in the drought-tolerant
variety (DTV) “MT3” (Hao et al., 2024). Previous studies have
suggested that EPFs, which regulate stomatal density, are
functionally conserved within Poaceae (Jangra et al, 2021). In
foxtail millet, siepf2 exhibit increased stomatal density, and
greater drought sensitivity (Hao et al., 2024, 2025). The second
pattern is high stomatal frequency combined with small stomatal
area, enabling more flexible regulation of stomatal opening and
closing to balance water and photosynthetic efficiency. For instance,
the DTV “ISe-15” can induce a higher increase in ABA to promote
stoma tal closure under drought conditions. It also enriches benzoic
acid derivatives and phenols to scavenge ROS and accumulates
carbohydrates to maintain cell structural stability (Gowsiga
et al., 2025).
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2.3 Osmotic adjustment and cellular
homeostasis

Under drought stress, osmotic adjustment represents a crucial
defense mechanism enabling foxtail millet to maintain cell turgor,
stabilize macromolecules, and prevent oxidative damage (Gupta
etal,, 2020). Rather than a single pathway, osmotic balance in foxtail
millet results from the coordinated accumulation of compatible
solutes, antioxidant enzymes, and stress-protective proteins.

At the biochemical level, foxtail millet tends to accumulate
compatible osmolytes such as proline, soluble sugars, V-
aminobutyric acid (GABA), and late embryogenesis abundant
(LEA) proteins, which may together contribute to osmotic
adjustment by lowering cellular osmotic potential and stabilizing
proteins and membranes (Hand et al., 2011; Dien et al., 2019; Gupta
et al,, 2020; Islam et al, 2024). In foxtail millet, two key proline
biosynthetic genes, SiP5CS1/2, are strongly upregulated under
drought, with their activation tightly associated with improved
water status (Ajithkumar and Panneerselvam, 2013; Qin et al,
2020; Wang et al.,, 2023). Soluble sugars derived from starch and
sucrose catabolism also play osmo-protective roles under drought
(Wang et al., 2023). In addition, SILEA14 can stabilize cellular
homeostasis by buildup osmolytes and conferring stress resistance
(Wang et al.,, 2014). GABA is another important osmo-protectant
and signaling molecule in foxtail millet. Recent evidence indicates
that exogenous or stress-induced GABA enhances antioxidant
enzyme activities, modulates ROS balance, and promotes
osmolyte accumulation under drought, thereby improving
drought resilience (Islam et al., 2024). In foxtail millet, GABA
enhances the activity of antioxidant enzymes, promotes the
accumulation of osmotic regulatory substances, reduces the
production of reactive oxygen species and membrane lipid
peroxidation, and enhances the drought resistance (Yin et al,
2023). Yet, the specific regulatory network of GABA signaling (its
receptors, downstream transcriptional targets) remains
insufficiently characterized in foxtail millet, representing an
important direction for future mechanistic exploration.

2.4 Photosynthetic adjustment and energy
metabolism

Drought stress alters photosynthesis in foxtail millet to balance
energy production with water conservation. Rather than maintaining
maximal photosynthetic output, foxtail millet dynamically down-
regulates photosynthetic activity to prevent photo-oxidative damage
and ensure energy homeostasis under stress. At the morphological
level, traits such as reduced leaf area, bulliform cell proliferation, and
leaf rolling help minimize transportational water loss and excessive
light absorption, thereby reducing photooxidative risk (Wang et al,,
2024). At the physiological level, drought stress disrupts photosystem
II (PSII) function. The values of F,/F,,, ®PSII, and photolytic
quenching all decrease, accompanied by enhanced non-
photochemical quenching (Tang et al., 2017). These coordinated

frontiersin.org


https://doi.org/10.3389/fpls.2025.1701035
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Gao et al.

physiological changes, although reducing photosynthetic rate, help
prevent photoinhibition and oxidative stress.

At the molecular level, foxtail millet rapidly reorganizes its
photosynthetic apparatus and metabolic fluxes. Transcriptomic and
proteomic studies reveal downregulation of PSII reaction-center
proteins (PsbA, PsbD), the Cytb6f complex, and Calvin cycle
enzymes under drought, alongside upregulation of antioxidant
and photoprotective protein, such as SiAPX, SiSOD, SiCAT, and
SiHSP7 (Pan et al., 2018; Gao et al., 2023; Wang et al., 2024). These
changes reflect a coordinated shift from carbon assimilation toward
energy stabilization.

Importantly, Existing evidence suggests that foxtail millet
activates alternative electron transport pathways, may mediated
by SiAOXs, to maintain redox poise and ATP synthesis when CO,
assimilation is constrained (Zhang et al., 2024). This flexible
redistribution of reducing power likely contributes to the high
photosynthetic resilience observed in the foxtail millet. Recent
studies further reveal that mitogen-activated protein kinase
(MAPK) signaling connects ROS metabolism with photosynthetic
regulation. SIMPKG® positively regulates photosynthetic efficiency by
enhancing the activities and expression of key antioxidant enzymes,
thereby maintaining chloroplast redox balance (Zhu et al.,, 2025).
These networks ensure sustained ROS-redox homeostasis, thereby
protecting the photosystems from irreversible oxidative injury.

Energy partitioning and metabolic reallocation are central to
drought tolerance in foxtail millet. Under drought stress, rapid
accumulation of soluble sugar facilitates osmotic adjustment and
sustains mitochondrial respiration when photosynthetic carbon
fixation is restricted (Wang et al., 2023). Proteomic evidence
further indicates that enzymes involved in malate metabolism and
the C4 cycle are upregulated during dehydration, suggesting
enhanced NADPH-dependent malate shuttling and efficient energy
redistribution (Gao et al., 2023). In contrast, transcriptomic analysis
revealed a general downregulation of energy-intensive pathways,
implying a metabolic shift that minimizes photorespiratory energy
loss under drought stress (Qin et al., 2020). Moreover, SIMYB56
activates lignin biosynthesis genes and enhances ABA signaling,
thereby redirecting carbon flow toward structural reinforcement
during stress (Xu et al., 2020). Collectively, foxtail millet achieves
drought resilience through a multi-layered integration of
photochemical control, redox regulation, and metabolic
reallocation, ensuring that limited energy resources are dynamically
redirected from growth to protection and recovery. However, detailed
causal relationships among these processes remain to be clarified,
particularly the genetic determinants underlying rapid PSII recovery
and alternative electron flow.

2.5 Signal perception, integration, and
transcriptional reprogramming

Drought stress in foxtail millet triggers a multilayered network
of perception, signaling, and transcriptional reprogramming that
coordinates rapid physiological and metabolic adjustments
(Figure 1B). Rather than functioning through a single linear
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pathway, these responses emerge from dynamic crosstalk among
calcium (Ca®"), reactive oxygen species (ROS), and hormonal
modules, particularly abscisic acid (ABA), that jointly orchestrate
drought adaptation.

Signal perception begins with drought-induced cell
dehydration, which reduces turgor pressure and activates plasma-
membrane mechanosensitive Ca®* channels. This is thought to lead
to a transient cytosolic Ca*" influx, which acts as an early secondary
messenger that may trigger both ROS and ABA signaling cascades
(Yuan et al., 2014; Chen et al., 2020; Gong et al., 2020; Pei et al,,
2022). Ca**-binding sensors such as SiCBL5 and calcium-
dependent protein kinases (CDPK) decode and relay Ca®" signals
downstream. Functional analyses indicate that SiCDPK24 enhances
drought tolerance in transgenic lines, though most evidence
currently derives from heterologous expression systems,
underscoring the need for in situ functional validation in foxtail
millet itself (Yu et al., 2018; Yan et al., 2021). In parallel, the mC°A-
reading protein SiYTHI can stabilize the transcriptional transcripts
of SiCPK6 and SiOST1, suggesting that RNA epigenetic
modifications may be involved in the precise regulation of the
Ca’*/ABA signaling pathway (Luo et al., 2023).

ROS act as both stress amplifiers and integrative messengers
linking metabolic status to gene regulation. Drought-induced ROS
generation in chloroplasts and apoplasts acts dual roles as damaging
agents and secondary messengers, they activate redox-sensitive
kinases (SiMPK6, SiEULS3) to modulate antioxidant enzyme
transcription (e.g., SIAPX, SiCAT, SiSOD) (Pan et al., 2018; Liang
et al.,, 2024; Zhu et al., 2025), trigger MAPK cascades linking stress
perception to downstream responses (Mittler, 2002), and serve as a
regulatory “bridge” between energy metabolism and hormonal
pathways (especially ABA and ethylene), while foxtail millet
counteracts ROS accumulation through enhanced activities of
enzymatic antioxidants (SOD, POD, CAT, APX) (Pan et al,, 2018;
Rana et al., 2021; Wang et al,, 2023), accumulation of non-
enzymatic antioxidants (phenolics, flavonoids, anthocyanins)
(Laxa et al., 2019; Wang et al., 2019), reinforcement of the
ascorbate-glutathione (AsA-GSH) cycle via SiGR and SiDHAR
upregulation, and limitation of mitochondrial ROS generation by
alternative oxidases (SIAOXs) (Amoah et al., 2023; Zhang et al,,
2024). Additionally, SiNRX1, a redox regulator, has been shown to
maintain ROS balance and enhance stress tolerance in Arabidopsis.
Consistent with this functional role, the sinrxI mutant in foxtail
millet exhibits significantly reduced drought resistance (Kneeshaw
et al,, 2017; Zhang et al,, 2022¢; Chang et al., 2025). This finding
further underscores the critical role of redox regulation in
mediating plant adaptation to drought stress.

ABA acts as the central coordinator of hormonal cross-talk under
drought, with its biosynthesis genes (SINCEDI) and receptors (PYR/
PYLs) upregulated to reinforce ROS detoxification and stomatal
regulation (Waadt et al., 2022; Huang et al, 2023). SiDPY1-
SiSAPK6 integrate ABA and osmotic signaling to mediate proline
biosynthesis and stomatal control, exemplifying multi-hormone
convergence in stress signaling (Zhao et al, 2023). In addition,
Brassinosteroids (BRs) antagonize ABA signaling (excessive
activation reduces drought tolerance) (Zhao et al., 2023),
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gibberellin (GA) levels shift with drought severity (Wang et al., 2023),
and cytokinin (CK) promote cell division with contrasting regulation
between drought-tolerant varieties (DTVs) and drought-sensitive
varieties (DSVs) (Tang et al., 2017). Transcriptional regulation
forms the downstream core of this signaling crosstalk. Drought-
responsive TFs from multiple families act as integrators of hormonal
and redox cues, such as NAC, MYB, WRKY, ERF, and bZIP (Bishnoi
et al, 2023). SINAC2, SiNACI18, SINAC110 respond rapidly to
dehydration, linking early perception with transcriptional
reprogramming (Lata et al,, 2010; Xie et al, 2017). SiMYB56
regulate lignin biosynthesis and secondary wall deposition (Xu
et al, 2020). SIWRKY89 enhances stress resilience by activating
ABA biosynthetic gene NCED3 and antioxidant systems (Zhang
et al, 2022a). ABA Insensitive 5 (ABI5) is a basic leucine zipper
transcription factor, and the overexpression of SiABI5.12 confers
tolerance to osmotic stress in transgenic Arabidopsis (Wen et al,
2024). Then Abscisic acid-, stress-, and ripening-induced (ASR)
transcription factor are actively involved in plant drought tolerance,
SiASR1 and SiASR4 enhanced drought tolerances, and decreased
ROS production and oxidative damage (Feng et al., 2015; Li et al,
2017). Collectively, these TF families generate an overlapping
transcriptional landscape that links hormonal signaling with
cellular protection, forming feedback-rich regulatory modules.
However, these functional validations were not all conducted in
foxtail millet, which became a key experimental obstacle in
applying these findings to the verification and breeding processes.
In the future, the use of gene editing and allele comparison in
different types of foxtail millet varieties will be crucial for
confirming the association between these genes and traits.

Beyond transcriptional control, small RNAs and epigenetic
modifications add additional regulatory layers. Drought alters
miRNA expression in a genotype-dependent manner, with DTV
upregulating miRNAs linked to antioxidant defense and osmotic
adjustment (Yadav et al.,, 2015; Wang et al., 2016). Yet, only the
SimiR396d-SiGRF1 module has been experimentally validated in
foxtail millet (Zhang et al., 2023). Additionally, drought enriches
24-nt siRNAs involved in DNA methylation and induces the
expression of IncRNAs with potential long-range regulatory
functions (Qi et al., 2013). However, the functional roles of most
miRNAs, siRNAs, and IncRNAs in foxtail millet remain
unvalidated. Epigenetic modifications also contribute significantly
by regulating gene expression in response to drought stresses
(Zhang et al,, 2018; Liu et al,, 2022b; Sun et al, 2024).In foxtail
millet, DNA methylation patterns shift dynamically with drought
duration, predominantly at CHG sites, and show genotype-specific
plasticity (Wang, 2018). Hydrogen sulfide (H,S) is a small signaling
molecule. The signaling properties of H,S may be attributed to its
ability to interact with the thiol groups of protein cysteine residues
through post-translational modification such as persulfidation
(Thakur and Anand, 2021). In foxtail millet, H,S has been
suggested to regulate osmotic tolerance, possibly by modulating
DNA methylation and DNA methyltransferase (DNMT) activity,
thereby reprogramming the expression of TFs. Moreover, foxtail
millet exhibits more extensive H,S-induced transcriptional changes
of DNMTs compared to Arabidopsis thaliana, which may
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contribute to its superior drought resistance (Hao et al., 2020).
Histone modifications also play a key role. For example, in the DSV
‘IC41°, SIHDAO9 interacts with SIHAT3.1 and SiHDA19 to reduce
H3K9 acetylation at drought-responsive promoters, suppressing
their expression (Kumar et al., 2023). In contrast, the DTV ‘IC4’
lacks this repression, maintaining higher gene activation under
drought stress (Kumar et al., 2023). However, the integration of
DNA methylation and histone modification dynamics with
phenotypic drought tolerance is still largely unexplored,
representing an open frontier in foxtail millet stress biology.

3 Genetic and multi-omics resources
available to improve drought
tolerance in foxtail millet

Foxtail millet exhibits remarkable natural variation and
increasingly advanced genomic and omics resources, making it a
powerful model for dissecting drought adaptation. Its diverse
germplasm, high-quality reference genomes, and integrative omics
platforms provide a foundation for linking genetic variation with
physiological and agronomic traits under drought. Although
significant progress has been made, the systematic utilization of
this diversity is still in its infancy. Based on these resources, the
recent advancements in multi-omics research are driving a shift
from descriptive feature associations to mechanistic and predictive
insights into drought adaptability.

3.1 Germplasm of foxtail millet and genetic
variation for drought tolerance

Foxtail millet has retained a large number of varieties with
significant differences in drought tolerance during long-term
evolution. Among them, compared with DSVs, DTVs usually
maintain higher relative water content, less biomass reduction
and more stable root-to-shoot ratio, and have stronger ability to
accumulate antioxidants and osmolytes (Yu et al, 2022; Amoah
etal., 2023). They also exhibit faster activation of ABA biosynthesis,
with hormonal characteristics of higher ABA/GA ratio, more
balanced ethylene response and stable cytokinin level (to
maintain root growth) (Qin et al., 2020; Wang et al., 2023).
Meanwhile, they continuously express drought-responsive TFs
and activate epigenetic repressors more strongly, showing a
multi-layered adaptive mechanism (Tang et al., 2017; Xiao et al,,
2021; Kumar et al., 2023; Chang et al., 2024; Gowsiga et al., 2025).
These varieties, which differ in morphology, physiology, and
molecular traits, not only reveal the genetic basis of drought
tolerance but also serve as core germplasm resources for
dissecting foxtail millet’s drought resistance mechanisms and
developing improved varieties. Thus, the systematic collection, in-
depth exploration, and rational utilization of these resources are
crucial for advancing such research and breeding DTVs.

To date, a total of 47,500 foxtail millet germplasms have been
collected across different countries, among which China has the
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largest collection with 26,233 accessions, followed by India (8,506),
France (3,500) and Japan (2,531) (Rakkammal et al., 2022). This
extensive collection covers rich genetic variation in drought
tolerance, laying a solid foundation for screening elite drought-
tolerant accessions. Except for natural diversity, mutant libraries
such as those generated from the Yugul and Ci846 backgrounds
using ethyl methanesulfonate (EMS) mutagenesis have expanded
the genetic repertoire for forward and reverse genetic studies (Sun
et al, 2019; Zhang et al,, 2025), enabling fine-scale dissection of
drought-related loci.

3.2 Genomic and multi-omics resources
and advancements in foxtail millet

Genomic and multi-omics resources provide the technical
basis for exploring drought resistance mechanisms, with key
advancements in genome sequencing, population genetics, and
multi-omics integration.

Following the publication of the draft genome in 2012 (Zhang
et al,, 2012), the complete genome sequence of Yugul was obtained
in 2023 (He et al., 2023b), greatly advancing molecular research on
foxtail millet. Additionally, genomes of its cultivar, landraces,
mutants, and wild type (Setaria viridis) have been sequenced
(Bennetzen et al,, 2012; Fang et al., 2016; Yang et al., 2020; He
et al,, 2023a), providing precise “molecular maps” for drought
resistance gene mapping.

In recent years, population genetic research on foxtail millet has
advanced rapidly. Key progress includes initial haplotype resolution
(Jia et al., 2013), high-depth haplotype mapping of 312 accessions
(Li et al., 2021), multi-omics (genomic, transcriptomic,
metabolomic) analyses of 398 accessions (Li et al, 2022), and
recent large-scale pan-genome studies (He et al., 2023a), extensive
investigations into drought-related traits and their underlying
genetic mechanisms using germplasm resources. These
population genetic studies have enabled efficient mining of
drought resistance genes, such as the identification of QTLs
(quantitative trait loci) and candidate genes regulating seed water
uptake via GWAS (genome-wide association studies, which is a
critical step for marker-assisted breeding of DTVs (Li et al., 2023).
Furthermore, genomic data can rapidly clarify the evolutionary
traits of drought-resistant genes. For instance, haplotypes with
enhanced drought tolerance in SiYTH1 and SiSAPK6 are more
prevalent in landraces than modern varieties (Luo et al., 2023; Zhao
et al, 2023). Meanwhile, these haplotypes can, in principle, be
introgressed into elite high-yield backgrounds via marker-assisted
selection or edited directly via CRISPR, provided yield penalties are
monitored. Thus, population genetic studies provide valuable
genetic variation for introgressing drought tolerance into
modern varieties.

Additionally, more and more drought-related omics data and
integrative omics approaches are revealing cross-scale coordination
in foxtail millet’s drought adaptation. Such as, recent
transcriptome-wide and weighted gene co-expression network
analyses across root, stem and leaf tissues identified more than
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13,000 differentially expressed genes under water-limited
conditions, uncovering hub regulators linked to cell-cycle,
DNA-replication and stress response modules in drought-tolerant
versus sensitive genotypes (Zhang et al, 2022b). This finding
highlights tissue-specific and genotype-dependent regulatory
networks underlying drought tolerance. In parallel, metabolome-
transcriptome analyses indicate that accumulation of osmo-
protectants such as proline and sucrose correlate strongly with
activation of SnRK/AREB signaling module (Qin et al., 2020). This
indicates that metabolic adaptation to drought is tightly coupled
with key signaling pathways. Moreover, proteomic profiling
detected over 320 differentially abundant proteins involved in
ROS scavenging, carbon metabolism and photosynthesis under
drought in foxtail millet (Pan et al., 2018). These proteins
collectively support the maintenance of cellular function under
water limitation. Together, these multi-omics datasets support
a systems-level model in which drought sensing (via signaling
hubs such as Ca**, ABA and ROS) converges with transcriptional,
epigenetic and metabolic regulation to determine physiological
outcomes. This model not only enhances our understanding of
drought adaptation mechanisms but also identifies key targets for
genetic manipulation to improve drought tolerance in foxtail millet.

4 Discussion and future perspectives

Foxtail millet has two advantages that are stable yield under
drought conditions and high efficiency in basic research as a model
plant. Although progress has been made in research on the drought
resistance mechanism of foxtail millet in recent years, with several
genes and regulatory pathways involved in drought adaptation
identified, compared with the traditional model plant
Arabidopsis, rice, and major crops (wheat and maize) key
mechanistic and translational gaps remain that warrant a more

prescriptive research focus.

4.1 Mechanistic gaps from single-gene
studies to new network-level
understanding

Most drought-response studies in foxtail millet have so far
focused on single genes or individual traits (Table 1). A priority for
future work is to construct integrative models that capture cross-
scale interactions among signals, genes, and physiology. Hormonal
cross-talk and root-shoot signaling remain underexplored. While
ABA, ROS, and Ca®" pathways are well documented, their dynamic
interplay, such as antagonism between ABA and brassinosteroids or
synergism with ethylene, remains largely unknown in foxtail millet.
For instance, the temporal sequence of Ca*" influx in roots, ROS
bursts in leaves, and stomatal closure in the shoot has not yet been
resolved with spatio-temporal precision.

In addition, these advances have also highlighted new
mechanisms, such as multi-level signal regulation (Rehaman
et al., 2025), hydrogen sulfide (Zhao et al, 2024), and GABA
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TABLE 1 Key genes of foxtail millet involved in drought adaptation and their regulatory roles.

Physiological and molecular
response

Pathway

Regulation of drought

adaptation References

SiABI5.12 ABA NA Positive (Wen et al., 2024)
SiDPY1 ABA Osmotic adjustment Positive (Zhao et al., 2023)
SiSAPK6 ABA Osmotic adjustment Positive (Zhao et al., 2023)
SiNCEDI ABA Stomatal closure Positive (Huang et al,, 2023)

Osmotic adjustment
SiWRKY89 ABA Positive (Zhang et al., 2022a)
ROS Scavenging
SiMYB56 ABA Lignin biosynthesis Positive (Xu et al., 2020)
Osmotic adjustment
SiASR4 ABA Positive (Li et al., 2017)
ROS Scavenging
ABA ABA-responsive TF
Li et al.,, 2014;
SiARDP ROS Osmotic adjustment Positive (Licta
Li et al., 2017)
ROS scavenging
ABA
SiMPK6 ROS-scavenging Positive (Zhu et al., 2025)
ROS
ABA ROS-scavenging
SiYTHI ROS Stomatal closure Positive (Luo et al., 2023)
Cal+
SiCBL5 Ca? Osmotic balance Positive (Yan et al., 2021)

SiCDPK24 Ca? NA Positive (Yu et al., 2018)
SiGRF1 Ethylene Root architecture Negative (Zhang et al., 2023)

SimiR396d Ethylene Root architecture Positive (Zhang et al., 2023)

Osmotic adjustment
SiEULS3 ROS Positive (Liang et al., 2024)
ROS Scavenging
Zh: t al., 2022¢; Ch: t al.,
SiNRX1 ROS Osmotic adjustment ROS Scavenging Positive (Zhang et a 2025; ang et d
SiASR1 ROS ROS-scavenging Positive Feng et al., 2015
H t al., 2024;
SiEPF2 NA Stomatal density Positive (Hao et a
Hao et al.,, 2025)
SiLEA14 NA Osmotic adjustment Positive (Wang et al.,, 2014)
SiHDA9 NA Epigenetic modifications Negative (Kumar et al., 2023)
SiNAC110 NA Osmotic adjustment Positive (Xie et al., 2017)

(Islam et al., 2024) as key factors in plant adaptation to drought.
However, new mechanisms have not been systematically
investigated in foxtail millet. Non-coding RNAs and epigenetic
regulation represent another underexplored frontier. Studies in rice
and wheat indicate that m°A RNA modifications, miRNA modules
(e.g., miR396-GRF), and DNA methylation changes may contribute
to drought “stress memory”. In foxtail millet, only SimiR396d-
SiGRF1 has been functionally verified, primarily through
overexpression in foxtail millet seedlings under drought (Zhang
et al., 2023), leaving most small RNA-target pairs unvalidated.
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Future work should integrate these layers into a multi-scale,
heritable drought adaptation network that links root sensing,
signal cascades (Ca**/ROS/ABA), and transcriptional-epigenetic
control, moving toward predictive modeling of stress resilience.
Non-coding RNA and epigenetic layers are another frontier.
Studies in other cereals suggest that m®A RNA modifications,
miRNA modules (e.g., miR396-GRF), and DNA methylation may
contribute to stress memory. A “drought memory” phenomenon
offers a promising entry point to dissect chromatin-RNA
interplay (Amoah et al., 2023). Ultimately, a multi-layer
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integration linking root sensing, signal transduction (Ca**/ROS/
ABA), transcriptional regulation (e.g., SiWRKYs, SibZIPs) (Jia
et al., 2024), and physiological outcomes will enable a predictive
network model of drought adaptation. However, the organization
and heritability of these regulatory layers in foxtail millet under
repeated drought cycles remain unexplored.

4.2 Technical applications-precision
manipulation and field translation

The pan-genome provides a more abundant “gene pool” for the
mining of elite alleles. foxtail millet has extensive germplasm
resources (Zhao et al, 2025b), which lays a foundation for
pan-genome-based allele mining. By integrating technical
approaches such as genome-wide association analysis, haplotype
mapping, machine learning, quantitative trait locus (QTL)
mapping, and meta-QTL (MQTL) to systematically screen for key
drought-resistant genes and allelic variants (Loni et al, 2023;
Zhu et al., 2024), that underpin crop stress resilience can
be recognized.

However, due to limitations in stable genetic transformation
technologies for foxtail millet, many drought-resistant genes
identified have only been functionally validated in heterologous
systems such as Arabidopsis and rice, making it difficult to fully rule
out interference from interspecific differences in gene function
(Huang et al,, 2023; Wen et al, 2024). Notably, breakthroughs
have been achieved in foxtail millet transformation technologies in
recent years, enabling genetic transformation in several model
varieties, though genotype dependence remains (Wang, 2011; Van
Eck et al., 2016; Ceasar et al., 2017; Van Eck, 2018; Santos et al.,
20205 Sood et al., 2020; Yang et al., 2020; Finley et al., 2021). Future
efforts should focus on overcoming this barrier to establish efficient
transformation platforms covering more genotype, laying the
foundation for dissecting drought-resistant gene functions and
their breeding applications.

Future breeding also should, based on the extensive mining
of drought-resistant genes in foxtail millet, enhance the application
of advanced and precise genetic engineering technologies, such
as the CRISPR/Cas9 system and efficient editing strategies to
facilitate the creation of beneficial allelic variants (e.g., modifying
regulatory alleles of the EPF/ER family that control stomatal
density, or miR396-SiGRF1 that regulates root branching)
(Zhang et al., 2023; Hao et al., 2025), while avoiding issues like
crop growth redundancy and energy waste potentially caused by
“constitutive overexpression” in traditional transgenic technologies.

In addition, crop improvement is limited by how plants and
their environment interact. However, we don’t have enough
research on finding drought-resistant genes and plant lines in
foxtail millet. Most studies only test seedlings under one stress,
but drought in fields rarely happens alone. So, we should check
drought-related genes and plant traits under real, complex field
conditions. We also need to balance drought resistance with other
important crop traits to turn molecular design ideas into practical
foxtail millet breeding.
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4.3 Extending insights beyond foxtail millet

Foxtail millet offers insights that transcend its own agronomic
scope. As a model, it enables more efficient exploration of core
regulatory pathways that have evolved independently but gained
similar functions across different plant groups, such as SiDPY1-
SiSAPK6 module, identified in foxtail millet, responding to osmotic
stress in a different manner from the well-characterized RAF-SnRK2
signaling pathway, possibly specific to seed plants (Zhao et al., 2023).
Additionally, foxtail millet has developed unique physiological
mechanisms, molecular regulatory networks, and genetic adaptation
traits during long-term drought adaptation, making it highly valuable
for cross-species reference—though this also presents a major challenge
for future research. Furthermore, studies on foxtail millet have
provided new insights for drought resistance research in other
species. Such as drought responses in foxtail millet crosstalking with
the circadian (Yi et al,, 2022), and H,S signals enhancing osmotic stress
tolerance via mediating DNA methylation (Hao et al, 2020). Both
represent interesting and novel research directions.

Overall, as a C4 crop, foxtail millet further provides a “resilience
blueprint” for other C4 species like maize and sorghum; integrating
photosynthetic acclimation, dynamic stomatal control, and root
energetics here could inform climate-smart breeding strategies.

5 Conclusion

Drought remains one of the most severe constraints on global crop
productivity, and foxtail millet, with strong drought resistance and
suitability for basic research, has become an important subject for
exploring crop drought resistance mechanisms. This review has drawn
together emerging advances in root plasticity, stomatal regulation,
osmotic adjustment, and photosynthetic acclimation, as well as their
underlying hormonal, redox, and epigenetic regulators. In the future, it
is necessary to establish an integrated multi-omics research framework,
strengthen the analysis of mechanism networks, precise gene editing,
and cross-species translation of results, to give full plan to foxtail
millet’s core role in crop drought resistance research.
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Glossary
ABA

ABF
AOX
AP2/ERF
APX
APX1
ARDP
AsA-GSH
ASR

BR

CAT

CBL
CDPK/CPK
CK
DHAR
DNMT
DPY1
DSV
DTV

EPF
EULS3
GA

GR

GRF1
GRXC7
GULLO4
H,S
H3K9

HAT3.1

Abscisic acid

Abscisic acid-responsive element-binding factor

Alternative oxidase
APETALA2/ethylene responsive factor
Ascorbate peroxidase

Ascorbate peroxidase 1

ABA responsive DREB-binding protein
Ascorbate-glutathione

Abscisic acid-, stress-, and ripening-induced
Brassinosteroids

Catalase

Calcineurin B-like protein
Calcium-dependent protein kinases
Cytokinin

Dehydroascorbate reductase

DNA methyltransferase

Droopy leaf 1

Drought-sensitive variety
Drought-tolerant variety

Epidermal patterning factor
Euonymus lectin 3

Gibberellin

Glutathione reductase

Growth regulating factor 1
Glutaredoxin C 7

L-gulonolactone oxidase 4

Hydrogen sulfide

Methylation of Lys9 in histone H3

Histone acetyltransferase 3.1

Frontiers in Plant Science

13

HDA9
LEA
IncRNAs
miRNAs
MPK6
MYB
NA
NAC
NCED1
ncRNAs
OST1
P5CS1
P5CS2
PIP
POD
PP2C
PYR/PYL
RAF
ROS
SAPK6
Si
siRNAs
SnRK2
SOD

TF
WGCNA
WRKY
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Histone deacetylase 9

Late embryogenesis abundant

long non-coding RNAs

microRNAs

Mitogen-activated protein kinase 6

v-Myb avian myeloblastosis viral oncogene homolog
Not Available

NAM, ATAF1/2, and CUC2
9-cis-epoxycarotenoid dioxygenase 1
Non-coding RNAs

Open Stomata 1

A'-pyrroline-5-carboxylate synthetase 1
A'-pyrroline-5-carboxylate synthetase 2
Plasma membrane intrinsic proteins
Peroxidase

Protein phosphatase 2C

Pyrabactin resistance/PYR-like

Raf-like kinase

Reactive oxygen species

Stress-activated protein kinase 6

Setaria italica

small interfering RNAs

Sucrose non-fermenting-1-related protein kinase 2
Superoxide dismutase

Transcription factor

Weighted gene co-expression network analysis

WRKY domain-containing protein
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