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Abstract

Climate change and the resulting abiotic stresses that emerge due to anthropogenic activities are the
main causes of agricultural losses worldwide. Abiotic stresses such as water scarcity, extreme
temperatures, high irradiance, saline soils, nutrient deprivation and heavy metal contamination
compromise the development and productivity of crops on a global scale. In this scenario,
understanding the response of C4 plants to different abiotic stresses is of utmost importance, as they
constitute major pillars of the global economy. To further our understanding of the response of C4
monocots, Setaria viridis and Setaria italica have gradually emerged as powerful model species for
elucidating the physiological, biochemical, and molecular mechanisms of plant adaptation to abiotic
stresses. This review integrates recent findings on the morphophysiological, transcriptomic, and
metabolic responses of S. viridis and S. italica to drought, elevated heat and light, saline soils, nutrient
deficiencies and heavy metal contamination. Comparative analyses highlight conserved and
divergent stress-response pathways between the domesticated S. italica and its wild progenitor S.
viridis. Together, these findings reinforce Setaria as a versatile C4 model for unraveling mechanisms
of abiotic stress tolerance and highlight its potential as a genetic resource for developing climate-
resilient cereal and bioenergy crops.
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1. Introduction

Climate change constitutes one of the most significant threats to the current global
socioeconomic model, affecting multiple sectors and especially agriculture. The rising atmospheric
concentration of carbon dioxide ([CO;]) has been directly linked to the increase in global mean
temperature, which in turn lead to a greater frequency and intensity of extreme climatic events [1].
Given continuous population growth and the concomitant increase in demand for food, biofuels, and
other agricultural goods, implementing strategies to mitigate the effects of climate change on
agriculture is imperative to ensure global food security and socioeconomic stability [2,3]. Agriculture
in particular is highly susceptible to climate variability, confronting critical challenges such as
elevated temperatures, altered precipitation patterns resulting in droughts and floods, and an
increasing frequency of extreme weather events projected for future decades [4].

According to the Intergovernmental Panel on Climate Change (IPCC) report, global mean
temperature rose by approximately 1.1 °C between the late nineteenth century and the early twenty-
first century, and projections indicate an additional increase of around 2.0 °C by the end of the 21st
century [5]. Among the principal abiotic stresses impairing agricultural productivity, high
temperatures and water deficit are prominent, accounting for annual crop yield losses estimated
between 51% to 82% globaly [6]. Water availability is widely recognized as one of the most critical
factors for crop productivity, with projections suggesting that over the next five decades water stress
may limit productivity on more than 50% of the planet's arable land [7].
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Given the necessity of preserving crop productivity under a changing climate scenario, one of
the central themes in plant biology is uncovering how plants adapt to oxidative stress induced by
abiotic factors. Accordingly, understanding the adaptive responses and molecular mechanisms
underlying plant-environment interactions is essential for devising management strategies and
advancing genetic improvement in agricultural crops [8]. Plants are exposed to diverse abiotic
stresses, such as drought, excessive or limited light, extreme temperature, heavy metals, hypoxia or
anoxia, nutrient deficiency or toxicity and UV light exposure which negatively impacts normal plant
growth and development [9]. These stresses are frequently associated with elevated production
and/or accumulation of reactive oxygen species (ROS) and thus pose a risk of oxidative stress,
although the specific outcome depends on stress severity, plant species, affected organs and
antioxidant capacity [10]. Moreover, photosynthetic machinery is also severely affected, wherein the
chemical reactions mediated by photosystem I (PSI) and photosystem II (PSII), as well as chlorophyll
biosynthesis, undergo significant alterations [11].

Stress events predominantly limit plant photosynthesis by reducing CO2 assimilation via the
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) pathway [11], thereby triggering the
production of abundant ROS in organelles such as plastids, peroxisomes and mitochondria. ROS
serve as critical signaling compounds in key cellular mechanisms affecting overall plant growth and
development [12]. ROS molecules such as H202, singlet oxygen, hydroxyl radicals (OH-) and
superoxide radicals (O2-) [12] are produced in excess under stress conditions. To mitigate ROS
accumulation, plants deploy antioxidant enzymes, including catalase (CAT), superoxide dismutase
(SOD), ascorbate peroxidase (APX) and glutathione peroxidase (GPX) [13]. Additionally, plants have
developed other protective mechanisms such as photorespiration, antioxidant systems, and
alternative and cyclic electron flow to avoid photosynthetic losses [14].

C4 plants possess a specialized photosynthetic apparatus that is particularly responsive to
abiotic stress. They employ distinct physiological and biochemical mechanisms to cope with
stressors, yet their advanced photosynthetic system also presents limitations. Abiotic stresses affect
the photosynthetic mechanism by reducing stomatal conductance, inducing oxidative stress and
decreasing Rubisco activity [15]. For example, the CO2 concentrating mechanism in C4 plants confers
greater photosynthetic efficiency under moderate heat stress and water limitation, but assimilation
declines rapidly when temperature or drought exceed optimal thresholds Opoku. Under drought
conditions, C4 species often respond with increased root-to-shoot ratios, osmolyte accumulation, and
enhanced antioxidant defenses, although mesophyll and bundle sheath coordination frequently
limits carbon fixation earlier than in many C3 species [17]. Heat stress tolerance in C4 grass has been
linked to maintaining Rubisco activase function at elevated temperatures, emphasizing the
importance of isoform variation in these taxa [18]. Under salinity stress, chloroplasts become primary
targets, and tolerance depends on ion homeostasis, proteome changes and the capacity to mitigate
oxidative damage [19]. These findings indicate that the resilience of C4 plants to abiotic stress merits
deeper exploration as a potential tool for crop improvement.

In this context, Setaria viridis and Setaria italica — also known as green foxtail and foxtail millet
respectively — emerge as model plants for Panicoid grasses [20,21], especially due to their
phylogenetic and metabolic proximity to economically important species in the Panicoideae family.
Their small diploid genome [22], short stature, rapid life cycle, and prolific seed production render
them suitable model systems for other C4 monocots. Moreover, since their adoption as model plants,
systems for Agrobacterium-mediated transformation and CRISPR-Cas9 gene editing have been
developed, thereby enhancing their establishment as model organisms [23,24].

It is widely accepted that S. italica was domesticated in China from its wild ancestor, S. viridis,
between 9,000 and 6,000 years before present time [25]. Following domestication, S. italica became a
widespread staple crop in Chinese history, being referred to as one of the “Five Grains”, essential
crops accounting for the majority of plant fossils in archaeological sites in China [26]. Presently, it is
cultivated primarily in China and parts of India, as well as in the USA, Japan, Indonesia, Australia
and other countries [27]. Its extended cultivation across different geographies has produced a vast
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diversity of genetically and morphologically distinct landraces and cultivars, which researchers used
to interrogate the genetic basis of diverse plant traits [28]. In contrast to S. italica, which is a cultivated
crop, S. viridis is a globally distributed invasive weed, which poses competition to cereals in several
settings [29]. In recent years, however, since its proposal as a model system for other C4 grasses,
numerous studies have used S. viridis to investigate root development [30], responses to abiotic
stresses [31], biomass accumulation [32] and other traits. Though distinct in many aspects, the two
species form a unique sister-pair: one domesticated by humans and the other remaining wild, yet
both are now increasingly adopted as model systems for studying abiotic stress responses.
Although plants have been widely studied for their physiological and molecular responses to
abiotic stresses, a central question remains unresolved: how do C4 plants respond to these stressors?
In particular, the responses of Setaria species under conditions of drought, heat and salinity remain
incompletely understood. Recent studies suggest that these plants exhibit genotype- and species-
specific adaptations, including adjustments in photosynthetic efficiency, osmolyte accumulation,
antioxidant activity and gene expression related to stress tolerance [33-35]. The present review
therefore aims to provide a comprehensive overview of the current knowledge on the physiological,
biochemical and molecular mechanisms by which Setaria spp. respond to abiotic stresses,
highlighting potential pathways for crop improvement and climate-resilient agriculture.

2. Drought Stress

Drought is arguably the most intensively studied abiotic stress in plants. Indeed, according to a
report by the Food and Agriculture Organization of the United Nations (FAO), drought accounts for
approximately 34% of global losses in crop and livestock production [36]. Drought events are severely
detrimental, as elevated temperatures and reduced water availability compromise plant metabolism,
impair growth and reduce both quality and yield of crops [37] (Figure 1). In this section, we focus on
the water deficit component of drought; high temperature effects will be addressed in a subsequent
section.

The absence of water impairs development in all plants, including monocots, and the Setaria
genus is no exception. Prolonged water deficit in S. italica and S. viridis stunts overall growth, as
evidenced by reduced shoot length [38], decreased shoot dry weight [39,40], and impaired emergence
of leaves and tillers [41]. Another effect of water deficit is premature panicle emergence, indicating
early transition to the reproductive phase, which suggests that S. viridis may employ a “drought
escape” strategy [30]. Moreover, yield is compromised under drought stress, as reductions in the
number of panicles and the weight of individual panicles and grains have been documented [38,42].

Although many studies emphasize leaf and shoot responses to drought, it is crucial to evaluate
root responses, as they are the first structures to perceive reduced water availability. In foxtail millet
(S. italica), withholding water for eight days resulted in increased total root length and surface area,
which may be a strategy to maximize water uptake [35]. Conversely, in multiple accessions of S.
viridis, considerable reductions in the root system have been described, due to suppressed post-
emergence growth of crown roots [30]. In contrast to S. viridis, S. italica was able to maintain growth
of a small number of crown roots during water deficit; this difference likely originates from the
domestication process of S. italica, since arrest of crown root emergence appears to be a conserved
drought response among other Poaceae species such as sorghum, maize and switchgrass [30].

Given that a reduction in water uptake compromises tissue water accumulation, drought
severity is frequently assessed by measuring leaf relative water content (RWC). This approach has
applied effectively in S. italica [35,39] and S. viridis [30]. Another water status metric is leaf water
potential (LWP), which has also been measured in S. italica [43] and S. viridis [40]. Both parameters
have been used to distinguish between drought-tolerant and drought-sensitive genotypes in both
species [31,38,44], indicating that they are suited for this type of screening.

To mitigate reduced water availability and transpiration losses, grasses often adopt leaf rolling
and reduce exposed leaf area [45,46]. In S. ifalica, various cultivars such as Yugul, Jigu39, Jingu21,
and Longgul6 exhibit these traits under drought [35,39,47]. In S. viridis, reduced exposed leaf area
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has been observed following air-drying treatment [48], although not following a milder water deficit
induced by seven hours of polyethylene glycol (PEG) exposure [44]. Another visible sign of drought
stress in Poaceae is leaf turgor loss or and/or bleaching, which has been documented in S. italica
[39,47] and S. viridis [41]. Additionally, drought-sensitive varieties often display earlier leaf rolling,
wilting and bleaching, compared to tolerant ones after water deficit [38,43].

Another consequence of water deficit is reduced photosynthetic activity. Since stomatal closure
occurs even under mild water limitation, photosynthesis is limited by reduced diffusion of CO2 to
the carboxylation site [49]. Accordingly, gas exchange measures are commonly used to assess
photosynthetic activity in stressed plants. In S. viridis and S. italica, CO, assimilation (A), transpiration
(E) and stomatal conductance (gs) decline proportionally with increasing water deficit severity
[39,50]. Consequently, gas exchange measurements serve as powerful tools to identify drought
tolerant accessions [39,50].

For instance, in S. italica, Zhang et al. (2022) demonstrated this capability. In drought-sensitive
S. viridis accessions such as Ast-1, water deficit induced a more pronounced decrease in A, E and gs
compared to drought-tolerant accessions such as A10.1 [31]. By contrast, Duarte et al. (2022) reported
that Ast-1 exhibited higher resistance to dehydration than A10.1 by maintaining higher A under
prolonged water deficit, contradicting earlier observations [31,44]. Water use efficiency (WUE),
defined as the ratio of A over E, is also used to evaluate drought tolerance, since it signifies how much
CO2 is assimilated per water molecule lost to transpiration. An interspecific S. viridis x S. italica
recombinant inbred line (RIL) population was employed by Feldman et al. (2018) to model
relationships between WUE and plant size, high heritability of WUE. The study also showed that
WUE responds to soil water availability, as previously documented. In C4 monocots, particularly
drought-tolerant cultivars, WUE may increase under water-limiting conditions, as shown in S. viridis
and S. ifalica [43,50]. Another cause for reduced photosynthesis under drought is pigment and
electron transport chain component degradation in thylakoid membranes.

Drought stress

Photosynthetic Biochemical Defense
Protection Systems
Photosynthetic Adjustment Antioxidant Activity
Photosystem Protection tress Protein Induction
Pigment Modulation ‘ Accumulation of Osmoprotectors

Post-Transcriptional Regulation

Resource Use-efficienc

Hydric Maintenance Transcriptional Reprogramming

Figure 1. Overview of multi-level drought stress responses in Setaria spp. Water preservation is achieved via

morpho-physiological adaptations such as stomatal closure, leaf rolling, altered root architecture and improved
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water use efficiency. Photoinhibitory damage is mitigated by increased non-photochemical quenching (NPQ)
and adjustments to the photosynthetic machinery. Biochemical defense systems to protect organelles and
cellular structures involve the accumulation of osmoprotectants and osmolytes such as proline, and the
activation of antioxidant enzymes (e.g., SOD, CAT, POD). Finally, molecular responses are orchestrated by ABA
signaling and transcription factor activation (e.g., NAC, DREB, MYB), leading to the regulation of protective
genes (e.g., LEA, HSPs, Aquaporins).

Chlorophyll degradation has been characterized in both S. viridis [31,44] and S. italica [35,52]. In
drought-sensitive foxtail millet cultivars, degradation is more intense than in tolerant ones, indicating
greater susceptibility of the photosynthetic apparatus under water deficit [47]. In S. viridis this
degradation coincided with strong repression of chlorophyll synthase gene expression [31]. In both
species, chlorophylla (Chla) is preferentially degraded relative to chlorophyllb (Chlb) under
water-limited conditions [44,53]. During drought stress, Chl a is more exposed to excess excitation
energy and ROS formation due to its central role in the reaction centres of PSI and PSII, which
becomes exaggerated under stomatal closure and reduced CO, assimilation [54].

The degradation of components of the electron transport chain and diminished CO2 uptake
reduces the pool of oxidized electron acceptors (quinones and plastoquinones). Environmental stress
also accelerates photoinhibition of PSII [55]. Consequently, under drought the non-photochemical
dissipation of chlorophyll excitation energy is increased, primarily as heat and fluorescence, which
is monitored via chlorophyll fluorescence kinetics. In both S. viridis and S. italica, water limitation
leads to reduced maximum photochemical efficiency of PSII (Fv/Fm) and effective photochemical
efficiency (®PSII) [41,43,44]. It is noteworthy that although C4 plants exhibit higher WUE than C3
plants and are generally considered more photosynthetically efficient, they often display lower
Fv/Fm values [55]. In S. italica and S. viridis this phenomenon is frequently accompanied by increased
non-photochemical quenching (NPQ), representing thermal dissipation of excess energy, and
decreased photochemical quenching coefficient (qP), which indicates the proportion of open PSII
reaction centers [39,48]. In S. viridis an exposure of three to ten days to drought also resulted in
decreased electron transport quantum yield (®E0Q) and efficiency (WEO) [41]. These chlorophyll
fluorescence parameters can differentiate drought-tolerant and drought-sensitive accessions and
cultivars, as shown in S. italica [43] and S. viridis [44].

Reductions in photochemical efficiency are often attributed to photoinhibition caused by
increased ROS under drought stress. Several methods assess oxidative damage indirectly, such as
quantification of the malondialdehyde (MDA), a product of ROS-induced lipid peroxidation.
Increased MDA content is well documented in numerous species and in S. viridis and S. italica
[35,39,40,56]. Another useful metric is relative electrolyte leakage, reflecting cell membrane damage
from ROS. Under varying water deficit conditions, increased electrolyte leakage has been observed
in leaves of S. viridis and S. italica [35,43,44,48]. Interestingly, in roots, reduced electrolyte leakage
levels were observed after six and ten days of exposure to PEG-8000 (7.5%) [41].

To respond to elevated ROS levels during water deficit, plants frequently increase synthesis of
ROS-scavenging enzymes such as SOD, CAT, POD, GPx and lipoxygenase (LOX), among others. In
S. italica cultivar Yugul, drought exposure induced APX expression in seedlings [35]. In mature
plants of the same cultivar, increased SOD and POD activities were detected, as well as up-regulation
of LOX1 and LOXS5 [53]. These LOX genes are implicated in stomatal closure, antioxidant enzyme
activation, and osmoprotectant synthesis, helping to mitigate ROS accumulation and limit cellular
damage under drought. LOX1/LOX5-derived oxylipins also contribute to jasmonic acid (JA)
biosynthesis, regulating drought-responsive gene expression and enhancing plant survival and
physiological maintenance [57,58]. Compared to Yugul, the drought-sensitive S. italica variety
ANO04 exhibited substantially lower POD activity [56]. In the drought-tolerant S. italica genotype M79,
drought resulted in up-regulation of 63 differentially expressed genes (DEGs) involved in redox
regulation (e.g., encoding SOD, LOX, APX, GPx and POD) [43]. This genotype also showed enhanced
CAT activity relative to its parental genotypes. Similar patterns have been observed in drought-
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tolerant S. viridis accessions Zha-1, A10.1 and Ula-1, which exhibited higher CAT expression and
catalase activity after seven to ten days of water withholding compared to drought-sensitive
accessions [31].

Another plant response to drought-induced oxidative stress is increased synthesis and
accumulation of osmolytes and antioxidant metabolites. Among these, proline is perhaps the most
well-studied. Proline functions as an osmoregulator, protecting cellular molecules, organelles and
membranes from ROS-induced damage and also serves as a carbon and nitrogen storage pool in
stressed plants [59]. In both S. italica and S. viridis, various water deficit treatments have been shown
to induce proline accumulation in leaves [31,52]. Up-regulation of the proline biosynthesis pathway
genes, such as pyrroline-5-carboxylate reductase (P5CR) and delta-1-pyrroline-5-carboxylate
synthase 2 (P5CS2), has also been reported under water deficit [31,39,44]. In roots there is less
information, but exposure S. viridis to PEG-8000 (7.5%) for six and ten days caused only a slight
induction of P5CS2 expression and no significant change in the proline content [41]. In addition to
proline, other osmoregulatory metabolites accumulate during drought in foxtail millet and green
foxtail [39]. More tolerant cultivars of both species have higher levels of soluble proteins and soluble
sugars, which contribute to osmoprotection [31,38,47]. Elevated levels of glycine betaine and gliadin
have also been reported in S. italica under drought conditions [42,52]. Glycine betaine functions as an
osmoprotectant, stabilizing proteins and membranes, maintaining enzymatic activity, and reducing
oxidative damage during dehydration. Gliadin is a storage protein whose accumulation may be
affected under drought, potentially altering protein composition and grain quality. [42,52]. In roots
of S. italica (Yugul), Gao et al. (2023) reported more pronounced alterations in protein abundance
under drought than in leaves. On recovery after re-watering, leaf protein abundance was dominated
by photosynthetic activity proteins, while root protein abundance chiefly linked to regulation of
secondary metabolism.

Plants possess multiple signaling mechanisms that transduce the water deficit stimulus into
physiological and molecular responses. Phytohormones constitute a primary component of drought
signal transduction; among them, abscisic acid (ABA) plays a major role in the regulation of
desiccation signaling. ABA content has been shown to increase under water deficit in S. italica [39].
In S. viridis, drought-sensitive accessions exhibited higher ABA levels under drought, along with
strong up-regulation of zeaxanthin epoxidase (ZEP) and 9-cis-epoxycarotenoid dioxygenase (NCED),
enzymes involved in ABA biosynthesis [31]. The activation of ABA-responsive genes depends on a
signaling cascade comprised of three principal components: ABA receptors of the PYR/PYL/RCAR
family, type 2C protein phosphatases (PP2Cs) and Snfl-related protein kinases 2 (SnRK2s) [60].
Recently, de Oliveira et al. (2024) characterized the ABA signaling pathway in S. viridis and S. italica,
finding high conservation among the three families. Apart from a single PP2C gene duplication in S.
viridis, all other genes exhibited a one-to-one orthology between the two species. The primary
differences between orthologues were due to the shorter 5 and 3’ untranslated regions (UTRs) of the
S. italica copies. Studies in both species report that PYL genes are down-regulated by water deficit
[61,62], while PP2C genes have been reported as either up-regulated [62,63] or down-regulated [31],
depending on experimental conditions. The expression patterns of SnRK2 genes vary considerably
under drought, but are predominantly up regulated [31,61,62]. The ABA signaling cascade
culminates in SnRK2-activation of various transcription factors, which in turn orchestrate expression
of numerous drought-responsive genes. In S. italica, promoters of drought-induced DEGs are
enriched for ABA-responsive elements (ABREs) binding sites for ABF (ABA-responsive element
binding factors), which are themselves induced under drought [63]. Earlier studies in S. viridis also
revealed ABRE motifs in promoters of ABA signaling genes [62], suggesting a possible positive
feedback regulation of ABA response.

In addition to ABFs, several transcription factors (TF) families play major regulatory roles in
drought-induced gene expression. These include MYB, NAC (NAM, ATAF1/2, CUC2), DREB/CBF
(Dehydration-Responsive Element Binding/C-repeat Binding Factor), WRKY, bZIP, HD-ZIP and HSF
(Heat Shock Factor) families. RNA-seq experiments in S. italica have shown that TFs from these
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families are differentially expressed under water deficit [43,63,64]. In S. viridis, reliable drought-
marker genes, such as NAC6 and DREB1C, have been identified; both are up-regulated under PEG
or air-drying-induced water deficit and appear to facilitate adaptation [41,48]. It is noteworthy that
drought-marker genes repressed by water deficit have also been documented. For instance, WRKY1
functions as a negative regulator of drought response by repressing MYB2 and DREB1A and
inhibiting ABA-mediated stomatal closure [65]. In S. viridis, WRKY1 is repressed after seven hours of
PEG-8000 exposure in the drought-tolerant A10.1 accession but is induced in the sensitive Ast-1
accession [44]. Beyond the major TF families, transcriptomic studies have also identified DEGs from
less studied families such as bHLH, DOF, C2H2 and ERF [47,64]. Recently, Zhao et al. (2021)
characterized the MADS-Box family of TFs in foxtail millet and green foxtail. Although MADS-Box
TFs are not typically associated with drought response, many SiMADS promoters included
dehydration-responsive cis-elements. Moreover, overexpression of SIMADS51 in Arabidopsis and
rice resulted in reduced drought tolerance, indicating that SIMADS51 may act as a negative regulator
of drought response [66].

Although transcription factors are frequently the focus of stress-response gene expression
studies, non-coding RNAs (ncRNAs), including long non-coding RNAs (IncRNA), small interfering
RNAs (siRNAs) and micro RNAs (miRNAs), represent a rising research area. Although studies are
still limited in the Setaria genus, some investigations have examined their regulation under drought.
Qi et al. (2013) identified differentially expressed siRNAs and IncRNAs in S. italica seedlings treated
with PEG-6000 for seven hours. Although few IncRNAs were regulated by water stress, clusters of
21-nt and 24-nt siRNAs were enriched in gene-rich regions of the genome, suggesting roles in
transcription regulation during drought. More recently, in S. viridis small RNA deep sequencing
under water deficit identified miRNAs targeting TFs from MADS-Box, MYB and NAC families;
notably, several novel miRNAs targeted genes involved in cell-wall synthesis and remodeling —
perhaps an early adaptive mechanism to water deprivation [50].

Multiple classes of genes are regulated in response to drought stimuli. Generally,
photosynthesis-related genes are down-regulated under water stress, as seen in S. viridis, where
multiple photosynthesis-related genes were repressed, especially in the drought-sensitive Ast-1
accession [31]. The list of repressed genes included photosystem I subunits (PS1), ribulose
bisphosphate carboxylase small subunit (RbcS) and phosphoenolpyruvate carboxylase (PEPC),
among others. Similar observations were made in S. italica, where water deficit induced down-
regulation of PSII, PSI and cytochrome b6/f complex-related genes [47]. Furthermore, RNA-seq in
foxtail millet revealed that down-regulation of photosynthesis-related genes under water deficit is
often accompanied by repression of carbohydrate metabolism genes [47,63].

Several genes normally regulated under drought also offer biotechnological promise. Heat-
shock proteins (HSPs), for instance, act as molecular chaperones, ensuring correct protein folding and
have been shown to be up-regulated under water deficit in both foxtail millet [38,63] and green foxtail
[41]. Late embryogenesis abundant (LEA) proteins are another notable group; they protect cellular
components from dehydration induced damage, assist with protein folding and serve as molecular
chaperones [67]. Among them, Group II LEA proteins (dehydrins) are especially prominent, as their
overexpression has been shown to confer tolerance to multiple abiotic stresses [68]. RNA-seq data
analyses in S. italica recorded up-regulation of several LEA proteins and dehydrins following water
deficit [43,63], while in S. viridis SYDHN1 and SvLEA were induced by PEG stress [41,48]. Another
group with significant biotechnological potential comprises aquaporins (membrane water channels).
In S. italica aquaporin genes are frequently up-regulated by drought, enhancing water uptake and
transport [43,63]; in S. viridis drought-sensitive accessions exhibited lowest expression of aquaporins
PIP-1, PIP1-2 and PIP2-1 compared to to tolerant accessions [31].

The fact that S. italica was domesticated from its wild relative S. viridis permits the use of
interspecific recombinant inbred line (RIL) populations to study various aspects of drought response.
As previously mentioned, Feldman et al. (2018) applied this strategy to identify QTLs associated with
WUE and found that alleles from both parental species contribute to WUE, indicating that neither
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species is entirely optimized. This approach was also used by Qie et al. (2014) to study drought
tolerance in a RIL population derived from S. italica cultivar Yugul x S. viridis W53, identifying 18
QTLs, eight of which involved alleles from S. viridis that contributed to drought tolerance. A S. viridis
x S. italica RIL population has also been used to investigate crown root responses to water loss [30].
QTL mapping in this population revealed that crown root responses to water deficit are regulated by
a small number of specific loci. These loci were likely selected during the domestication of S. italica
and may contribute to its greater tolerance of crown root desiccation compared to S. viridis.

Given the expanding genomic resources for the genus Setaria, the application of genome-wide
association studies (GWAS) represents a powerful approach to dissect the genetic architecture of
drought responses in both S. italica and S. viridis. The study by a genome resource for green millet
enables discovery of agronomically valuable loci [70] produced a platinum-quality genome assembly
of S. viridis and de novo assemblies for 598 wild accessions, thereby enabling the identification of loci
underlying agronomic and climate-related traits in panicoid grasses. By leveraging this natural
variation and combining phenotype data from water-deficit experiments with dense genotypic
datasets, GWAS can pinpoint alleles controlling key traits such as phenology, WUE, root and shoot
architectural responses, chlorophyll degradation, ROS scavenging and other drought-associated
adaptive mechanisms. In the foxtail-millet/green-foxtail system, which already provides contrasting
domesticated and wild taxa and a wide set of physiological metrics (e.g., RWC, LWP, root
architecture, photosynthetic decline, fluorescence and antioxidant enzyme activity), GWAS offers a
route toward identifying candidate genes for drought resilience. These insights can then translate
into molecular markers or gene-editing targets not only in Setaria but also in related C; grasses,
thereby bridging fundamental genetics with applied crop improvement under water-limited
agriculture. In summary, integrating detailed phenotyping of drought responses in S. italica and S.
viridis with GWAS will enhance the resolution of trait-gene associations, accelerate discovery of loci
that underlie drought adaptation, and open paths toward functional validation and breeding
applications in this model C, system.

3. Heat Stress

The increasing frequency of high-temperature events, attributable to anthropogenic climate
change, has resulted in substantial losses in agricultural productivity, compromising the
sustainability of agricultural systems and global food security [71]. Temperatures exceeding optimal
thresholds induce stress that disrupts plant cellular homeostasis, impairing growth, development
and metabolism [72] (Figure 2). A detailed understanding of morphophysiological, biochemical and
molecular responses to heat stress is essential for developing biotechnological strategies to mitigate
the adverse impacts of elevated temperatures on plant growth and productivity [73]. Such
approaches include identification of metabolic pathways and key genes involved in heat adaptation,
enabling the development of more tolerant cultivars to extreme climatic conditions [74].
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Figure 2. Integrated responses to elevated temperature and irradiance in Setaria spp. Heat and light stress
usually co-occur and thus elicit similar responses such as photoprotection mechanisms, antioxidant enzymes
and metabolic shifts. Heat stress results in reduced stomatal conductance and increased photorespiration and
cyclic electron flow. Excessive light intensity directly modulates sugar-signaling pathways (e.g., SnRK1, HXK),
carbon allocation and ROS-scavenging mechanisms. Compartmentalization of photosynthetic processes has

given C 4 plants unique mitigation strategies against both stresses.

Studies have shown that Setaria species exhibit significant morphophysiological changes under
heat stress. Alterations in germination [75], morphology [76,77], and molecular responses [78] have
been reported. Under heat stress conditions, Setaria spp. display height variations, ranging from 15
to 130.3 cm across vegetative, flowering and grain filling stages; elevated temperatures significantly
reduce plant height, particularly under extreme thermal regimes [79]. In S. viridis exposed to 42 °C/32
°C (day/night), root and dry biomass decreased by 50%, with no change in root/shoot ratio. The
typical phenotype included pronounced dwarfism and atrophy; hormonal analyses indicated that
salicylic acid (SA), jasmonic acid (JA), indole-3-acetic acid (IAA) and phenylacetic acid (PAA, an
auxin analogue) levels remained unchanged under those conditions [80].

Comparisons between control conditions and high temperature treatment revealed reductions
in biomass during flowering and grain-filling stages, attributed to decreased height, reduced leaf area
and shortened growth period [81,82]. Elevated temperatures directly impact leaf area, with
significant reductions undermining photosynthetic capacity and productivity [81]. The strong
correlation between reduced leaf area and leaf narrowing reflects a defense strategy against photo-
oxidative damage and is also observed in other crops such as maize [83], rice [84] and sorghum [85].

Rubisco, the primary enzyme responsible for CO, fixation in plants, exhibits reduced activation
under high temperatures, compromising balance between its carboxylase and oxygenase activities
[86]. This enzyme displays complex kinetics in response to temperature, catalyzing reactions in
photosynthetic and photorespiratory pathways; reaction rates increase with rising temperature [87].
When CO; fixation is inhibited at high temperatures, thylakoid energization is disrupted, as
evidenced by changes in electrochromic absorption, non-photochemical quenching and light
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scattering, indicating that energy destined for the Calvin cycle is not properly utilized [88]. Reduced
Rubisco activation at elevated temperatures is associated with thermal instability of its activase [89];
thus, decline in Rubisco activity is a key factor underlying negative heat stress impacts on
photosynthesis [15]. Nonetheless, plants possess certain plasticity in adjusting photosynthesis to
optimized growth temperatures, which includes modification of the optimal temperature for
photosynthesis in response to seasonal variation, thereby improving efficiency under new thermal
regimes [90]. In S. viridis, Rubisco exhibits kinetic responses to elevated temperatures comparable to
those observed in C3 species, suggesting evolutionary conservation of enzyme kinetics across
photosynthetic types [91].

Under moderate heat stress, ATP synthesis primarily derives from Rubisco activation and
photorespiration [18]. Moderate heat significantly impairs reactions of the cytochrome complex and
PSI (which is more susceptible than PSII under heat stress), whereas PSII and the stroma undergo
oxidation, indicating redox imbalance across photosynthetic compartments [92] The ability of plants
to maintain optimal rates of CO, assimilation and leaf gas exchange is directly proportional to heat
tolerance. Stomatal conductance and transpiration rate are closely linked to leaf temperature;
maintenance of net CO, assimilation is a reliable indicator of thermal resilience [93]. Temperatures
above optimal levels affect stomatal conductance, intracellular CO, concentration and leaf water
status. Stomatal closure under heat stress alters intracellular CO, concentration, inhibiting net
photosynthesis [94]. Additionally, changes in leaf vapor pressure deficit (VPD) under elevated
temperature modify plant hydraulic conductance and water supply to leaves [95,96]. Chlorophyll
biosynthesis in plastids is significantly compromised under heat stress, leading to chlorophyll
degradation [97]. At elevated temperatures (35-45 °C), induction of cyclic electron transport thylakoid
membrane leakage occurs, compromising photosynthetic machinery integrity [98]. While mild heat
stress causes reversible damage, severe temperatures may cause irreversible impairment.
Nevertheless, cyclic electron flow under high temperature maintains the proton gradient across
thylakoids, preserves ATP homeostasis and prevents substantial structural damage [99]. This
energetic stability is critical to the effective functioning of PSI and PSII, CO, reduction pathways,
photosynthetic pigments and electron transport systems.

PSI, PSII, CO, reduction pathways, photosynthetic pigments and electron transport systems
collective constitute the photosynthetic machinery; deficiency in any of these components leads to
systemic inhibition of photosynthesis [100]. The photosynthetic apparatus functions as an
environmental stress sensor, responding to cellular energy imbalances and changes in the redox state.
Among responses to heat stress, photosynthesis is among the most sensitive processes, and PSII is
the first structure to be inhibited relative to other cellular components [93]. PSII is especially
vulnerable to heat stress because of two primary factors: (i) increased fluidity of thylakoid
membranes, which displaces the light-harvesting complex, and (ii) dependency of PSII reaction
centers on dynamic electron flow integrity. High temperatures may cause dissociation of the water-
oxidizing complex, displacement of the light-harvesting complex and destabilization of PSII reaction
centers [101].

Heat also promotes dissociation of ions such as Cl-, Mn?*, and Ca?* from the PSII pigment-protein
complex, and release of extrinsic polypeptides from thylakoid membranes, further impairing PSII
structure and function [102]. Among intrinsic PSII proteins, D1 is especially sensitive, undergoing
cleavage by the FtsH protease that migrates from the stroma to grana for degradation [103,104].
Diffusion of photodamaged D1 proteins is impeded by loss of membrane integrity at extreme
temperatures, reducing repair efficiency. Genetic analyses suggest that manipulation of fatty acid
saturation in thylakoid lipids may enhance resilience by improving repair processes [105]. In contrast,
PSI exhibits greater thermal stability compared to PSII. Under elevated temperatures, cyclic electron
flow around PSI is intensified, contributing to maintenance of the proton gradient in the thylakoids
and promoting ATP production as a protective mechanism [106]. Thus, PSI plays a central role in
safeguarding photosynthetic machinery from heat-induced damage.
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Exposure of S. viridis to high temperatures and high light intensities yields significant reductions
innet CO; assimilation rates; high light intensities induce pronounced photoinhibition in leaves [107].
During a four-hour treatment at 40 °C, leaf temperature increased from 31 °C to 37 °C [108]. This
thermal increase directly impacted photosynthetic parameters such as PSII operating efficiency,
stomatal conductance, transpiration rate and electron transport rate, as assessed by gas exchange
measures and chlorophyll fluorescence [109]. Transcriptomic changes also occurred, involving genes
associated with metabolic pathways for photosynthesis, and structural alterations in chloroplasts
were observed.

Under heat stress the Heat Shock Factor (HSF) TF family acts as the central command hub
initiating the molecular heat stress response. A comparative study between maize and S. viridis
revealed that while the core heat-responsive HSF subfamilies (e.g., HSFA2a, HSFA6a) are conserved,
significant species-specific regulation exists, with subfamilies like HSFA4d responding to heat
exclusively in S. viridis. This indicates an evolutionary diversification in how these master regulators
are deployed, allowing for specialized stress responses in different species [110]. Promoters of up-
regulated HSFs under heat stress exhibit accessible TF-binding sites even under control conditions,
allowing for near-instantaneous gene expression regulation under elevated temperatures,
highlighting a sophisticated regulatory mechanism where the chromatin state primes the plant for a
swift reaction [110].

Overexpression of the heterotrimeric G-protein y-subunit AGGS3 in S. viridis confers robust heat
stress tolerance by priming the molecular stress response and safeguarding photosynthetic efficiency
[111]. AGG3-overexpressing plants exhibit enhanced expression of HSPs and antioxidant enzymes,
coupled with enhanced PSII function and electron transport maintenance, and CO, assimilation
under elevated temperatures [111]. This integrated protection at the molecular and physiological
levels results in minimal yield loss, highlighting the potential of manipulating G-protein signaling to
develop climate-resilient crops. Furthermore, a GWAS study in S. italica revealed induction of
SiFKBP17-1 and SiCYP19-3 — molecular chaperones and signaling regulators — under heat stress,
highlighting their roles in adaptation mechanisms and providing promising biotechnological targets
to enhance thermotolerance [112].

4. Light Stress

Light is a critical environmental signal that regulates photosynthesis, carbon assimilation and
overall plant growth. However, fluctuations in light intensity represent significant abiotic stress,
impacting primary metabolism through disruption of physiological, biochemical and molecular
processes [113] (Figure 2). Light stress occurs when the absorption of light energy exceeds the usage
capacity in photosynthesis; this over-excitation at the photosystems leads to photoinhibition,
characterized by functional failure of PSII reaction centers and decline in photochemical efficiency
[114,115]. A key damage mechanism involves the highly oxidizing potential within PSII, which
targets core proteins such as D1. When the rate of D1 degradation exceeds its repair, PSII centers
become inactivated [116].

Excess light leads to production of ROS, which damage both PSI and PSII, reduce mitochondrial
activity and force plants to dissipate surplus energy as heat or fluorescence [15,117]. This negatively
affects key photosynthetic parameters such as maximum quantum efficiency of PSII, electron
transport rate, and the chlorophyll/carotenoid ratio [118]. To mitigate excessive ROS generation,
plants employ antioxidant enzymes, protective compounds and repair mechanisms [119,120].
Protective compounds include plastoquinone-9, which acts as an antioxidant to reduce PSII
photoinhibition [121], and secondary metabolites such as anthocyanins [122]. Conversely, low light
stress also impairs photosynthesis, primarily by reducing stomatal conductance and disrupting the
photosynthetic mechanism. Consequently, intercellular CO, concentration rises dramatically and net
photosynthetic rate, transpiration rate and WUE decline [123-125].

Henry et al. (2019) evaluated changes in carbon metabolism and the transcriptome of S. viridis
leaves acclimated to high (1,000 pmol m-2 s-1), medium (500 pmol m-2 s-1) and low (50 pmol m-2 s-
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1) light intensities. Under low light conditions, photosynthetic efficiency was substantially impaired,
leading to reduced growth, diminished turgor and lower photosynthetic capacity. This was coupled
with a significant reduction in key signaling sugars — glucose, sucrose, and trehalose-6-phosphate
(T6P) which are essential for downstream metabolic regulation. Conversely, under high light
intensity the photosynthetic apparatus remained robust despite marked sugar accumulation. Sugar
accumulation under high light did not suppress photosynthesis; rather, it suggests that S. viridis
employs protective and compensatory mechanisms to mitigate potential photoinhibitory effects.
While low light primarily triggers a decline in energetic and metabolic status, high light intensity
drives a re-allocation of carbon resources that may support enhanced resilience. Expression of sugar-
signaling components is closely intertwined with light-driven gene regulation in S. viridis. Low light
caused pronounced down-regulation of anabolic gene expression and up-regulation of catabolic
process genes, indicating a metabolic shift toward energy conservation [126]. Central to this response
is the modulation of hexokinase (HXK) and sucrose non-fermenting 1 (Snfl)-related protein kinase
(S5nRK1). Under low light sugar depletion activates SnRK1 targets in an attempt to restore energy
homeostasis. In contrast, sugar accumulation under high light represses SnRK1 signaling pathways,
suggesting that sugar availability may buffer energy-sensing regulatory mechanisms. Moreover,
HXK expression differed under varying light conditions, underscoring the role of glucose sensing in
fine-tuning metabolism based on light intensity [126].

While light intensity is a major determinant of photosynthetic performance and sugar
metabolism, its impact is further modulated by interactions with other abiotic stresses, such as heat.
Anderson et al. (2021) investigated how S. viridis responded to a four-hour period of high light and
elevated temperature. Their findings indicated comparable reductions in photosynthetic efficiency
under both stresses. Transcriptomic analysis revealed key differences in DEGs between mesophyll
and bundle-sheath cells; under high light, ROS-scavenging genes and HSPs were up-regulated in
mesophyll cells, while bundle-sheath-specific DEGs were down-regulated. Under high temperature
however, the inverse was true for ROS-scavenging genes, while HSPs were up-regulated in both cell
types. The differential responses between mesophyll and bundle-sheath cells warrant further
investigation to understand how cellular compartmentalization contributes to overall resilience of C4
photosynthetic systems [107].

Beyond light intensity, light quality also serves as a critical environmental cue that intersects
with stress signaling pathways. Exposure to end-of-day far-red (EOD-FR) light primes plants for
enhanced stress resilience. In S. viridis, phytochrome signaling components such as PHYA and PHYB,
and transcription factors such as PIF8 and BBX2 are up-regulated in response to EOD-FR light and
chilling stress [127]. The convergence of EOD-FR- and cold-responsive gene networks, particularly
those involving trehalose metabolism and redox homeostasis, suggests a molecular mechanism by
which far-red light perception can augment cold tolerance, illustrating a sophisticated crosstalk
between light quality and temperature stress signaling [127].

Comparative studies in S. italica provide additional insight into how light stress influences
photosynthesis and yield determinants. A field study conducted during grain-filling demonstrated
that increased shading led to marked reductions in net photosynthetic rate, stomatal conductance,
effective quantum yield of PSII, and electron transport rate [128]. Conversely, intercellular CO2
concentration increased, reflecting a shift in the balance between CO2 supply and assimilation. Low
light intensity also altered diurnal photosynthetic profiles from double-peak to single-peak curves,
indicating changes in light absorption and energy conversion processes [128] These alterations not
only diminished assimilate availability for grain filling but also directly impacted yield by reducing
fresh-grain mass per panicle [128]. The sensitivity of S. italica to low light thus parallels the metabolic
constraints observed in S. viridis, although the consequences are more directly measurable in terms
of crop productivity.

5. Salt Stress
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Saline soils contain soluble salts and most studies on salinity stress focus on sodium chloride
(NaCl), given its non-nutritional nature for plants [129] Salt stress may be divided into two major
components: osmotic stress, resulting from decreased soil osmotic potential, and ionic stress, caused
by excessive uptake of Na+ and Cl- ions [130] (Figure 3). Soil salinization arises from natural processes
(e.g., mineral weathering) or anthropogenic activities, notably irrigation, which is the largest
contributor [129]. Given the mounting challenges of climate change and growing artificial irrigation
needs, soil salinity is becoming increasingly important and demands more research to identify
sustainable mitigation alternatives.

Part of the ionic stress induced by soil salinity arises from competition for ionic channels: Na+
competes with essential cations such as Ca2+, K+ and NH4+, while Cl- competes with anions such as
NO3-, potentially resulting in nutrient deficiency [129] Ionic toxicity further compromises
photosynthesis, as indicated by reductions in CO2 assimilation and PSII activity [131,132]. As salinity
increases, its adverse effects on germination, morphology and biomass accumulation become more
severe.

Salt Stress Heavy Metal Stress
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Figure 3. Setaria spp. stress responses to salinity, nutrient deficiency, and heavy metal toxicity. Under saline
soils, ion homeostasis is central; Na* is excluded through the roots or sequestered into the vacuole, while K*
uptake is prioritized. Several TF families (MYB, NAC, WRKY, bZIP) respond to salt stress and modulate the
molecular defenses against it. Root architectural changes are key under nutrient starvation: while low nitrogen
reduces root growth, phosphorus deficiency promotes lateral root proliferation and enhanced foraging.
Autophagy pathways (e.g., SIATG8a) are deployed under nitrogen or phosphorus scarcity, and soluble proteins
act as nutritional reserves. Moreover, integrated hormonal and transcriptional regulation are critical for N, P and
K deficiencies. Heavy metal stress is mitigated by ion chelation and compartmentalization/exclusion via metal
transporters (e.g., Nramp). Remediation strategies such as soil amendment with biochar and phytoremediation

strategies show promise in contaminated soils.

Recent studies have explored salinity effects in Setaria species, ranging from
morphophysiological outcomes to underlying molecular mechanisms. Seed germination, a critical
life cycle stage, is particularly sensitive to salt stress. Salinity typically reduces germination rates,
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often through modulation of ABA and ethylene levels, both of which regulate seed dormancy
[133,134]. Negative effects of elevated salinity on germination of S. viridis and S. italica seeds have
been documented: in S. viridis, elevated NaCl delays germination, and higher concentrations
significantly reduce germination rates, whereas low salt levels have minimal impact [135,136].
Similarly, S. italica germination under salinity has been reported with comparable effects, and
tolerance variation among accessions exists [137,138]. Han et al. (2022) evaluated 104 S. italica
accessions under 170 mM NaCl and reported reductions in germination rate, and plumule and radicle
length, underscoring the importance of genetic diversity in salt tolerance. In the S. viridis A10.1
accession, nine days after sowing under 90 mM NaCl showed substantial foliar area reduction [136].

Salinity also impairs post-germination growth through diminished water uptake, stomatal
closure and reduced carbon assimilation [130,139]. In S. viridis, salt stress significantly reduced
biomass accumulation [136,140]. Valeriano et al. (2021) investigated long-term salinity effects on three
S. viridis accessions, A10.1, ME034V, and Ast-1, and observed varying degrees of tolerance; Ast-1 was
consistently the most sensitive. While all accessions exhibited total dry weight reductions, only Ast-
1 showed a drastic decrease in shoot-to-root ratio, whereas A10.1 and ME034V exhibited an increased
ratio under stress [140]. Acharya et al. (2017) reported significant reductions in root and coleoptile
length for S. viridis seedlings grown in 50 mM and 100 mM NaCl media.

In addition to reduced biomass, salt stress induces distinct morphological changes, including
lesions on primary and crown roots, yellowing and swelling of roots, reduced crown-root number,
and in aerial tissues leaf curling, burnt margins and chlorosis [140] Moderate salt stress prompted
epidermal cell flattening, while severe stress led to increased leaf thickness and intercellular spaces
[141]. Severe salinity may totally halt growth and cause leaf necrosis [140]. Ferreira et al. (2020)
observed complete plant mortality within five days of irrigating S. viridis with saline solutions
exceeding 25.8 dS/m (approximately 250 mM NaCl).

Similarly to drought, salinity reduces water availability by lowering soil osmotic potential [139]
Moreover, accumulated Na+ and Cl- ions in the plant sap increase osmotic pressure, affecting water
availability in leaf tissues [129]. This reduction in tissue water content triggers stomatal closure, a
hallmark response of plants to water stress [142]. In S. viridis under salt stress, stomatal closure is
associated with reduced CO, assimilation rates [136,143]. Qu et al. (2020) demonstrated that S. viridis
exposed to 100 mM NaCl failed to recover when grown under elevated CO, conditions, emphasizing
the severe osmotic impact on carbon assimilation.

Given its detrimental effect on water balance and carbon assimilation, salinity also inhibits
photosynthesis. Abiotic stresses typically reduce photosynthetic efficiency through disruption to gas
exchange, pigment biosynthesis and the electron transport chain [142]. Chlorophyll fluorescence, a
key indicator of photosynthetic performance [145], shows substantial declines in PSII activity under
salt stress. For example, S. viridis displays reductions in net assimilation rate (A) ranging from 30%
(after 96 hours under 100 mM NaCl) to 60% (200 mM NaCl) [62]. Declines in ¢pPSII, Fv/Fm and Fm
are commonly accompanied by increased initial fluorescence (F0) and NPQ under salt stress
[136,143].

Qu et al. (2020) also investigated the electron transport dynamics of S. viridis under salt stress,
providing evidence of photoinhibitory damage at moderate salinity (50 mM NaCl). Under severe and
prolonged stress, a larger proportion of oxidized PSI reaction centers (P700) and with increased
amounts of active P700 were reported, suggesting a mechanism to maintain PSI activity under
adverse conditions [143]. Nonetheless, this damage resulted in a significant reduction in electron
transport chain conductance, reflecting an overall decline in photosynthetic efficiency under high
salinity [143]. In addition to damage to the photosynthetic machinery, salt stress intensifies ROS
production, common across abiotic stress conditions, including salinity [142]. Lyu, et al. (2020)
showed that moderate salt stress (50 mM NaCl) caused ROS accumulation in S. viridis due to reduced
molecular oxygen availability in chloroplasts.

Salt stress has also been shown to perturb chloroplast ultrastructure in S. viridis. Qu et al. (2020)
reported that even moderate salinity deformed bundle-sheath cells, where chloroplasts appeared
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compressed and elongated due to vacuoles expansion, and the appearance of blank spaces within the
cells suggested indicated intracellular salt deposition. Within chloroplasts, salt stress increased the
size and number of starch grains while reducing the number of thylakoid membranes [143]. Mendes
Bezerra et al. (2021) further documented reduced chloroplast number under severe salinity,
underscoring profound structural impacts of salt stress on chloroplast integrity.

Abiotic stress, such as salinity threatens plant survival by disrupting cellular homeostasis; to
counter adverse conditions plants deploy defense mechanisms including phytohormone regulation
[146]. Phytohormones, particularly ABA, play central roles in coordinating stress responses,
including activation of stress-responsive genes and regulation of stomatal guard cells to preserve
water balance [62,146]. Despite its importance, relatively few studies have investigated
phytohormone roles in S. italica under salt stress, representing a significant knowledge gap.

Duarte et al. (2019) assessed ABA signaling in S. viridis under various stress conditions including
salinity. They observed that ABA levels increased in leaves of A10.1 and Ast-1 accessions after salt
treatments; notably Ast-1 plants exhibited a two-fold higher increase in ABA levels compared to
A10.1 under high salinity. Exogenous ABA treatments revealed differing sensitivities: A10.1 plants
responded to 100 uM ABA with reduced carbon assimilation, Ast-1 required 200 uM for a similar
effect [62]. These findings suggest that A10.1 is more sensitive to ABA signaling, perhaps explaining
its distinct physiological response to salt stress.

Besides phytohormone signaling, plants employ active ion-homeostasis mechanisms to mitigate
salt stress. Ion channels expel Na* and Cl- into the soil or sequester them into vacuoles to prevent
cytoplasmic toxicity, and some species possess specialized mechanisms such as leaf salt glands
[129,147]. In S. viridis, Qu et al. (2020) demonstrated that vacuole expansion under salt stress can alter
chloroplast structure, emphasizing the importance of ion compartmentalization in stress responses.

One well-studied salt tolerance mechanism in S. viridis involves roots’ selective uptake and
accumulation of Na+ and K+ [140,141]. Maintaining a favorable Na+/K+ ratio is critical under salinity,
as K+ is essential for osmotic regulation and nutrient homeostasis [148]. Valeriano et al. (2021)
investigated potassium supplementation to alleviate salt stress in S. viridis; plants treated with 5 mM
KCl displayed improved biomass and healthier roots under 150 mM NaCl, especially in accessions
A10.1 and ME034V [140]. Complementing these findings, Mendes Bezerra et al. (2021) reported that
KCl supplementation mitigated effects of salinity on photochemical performance; it reduced
chlorophyll fluorescence peaks in both untreated and salt-stressed plants, improved the performance
index derived from fluorescence analysis, increased catalase activity in 9 mM KCI treatments and
reduced electrolyte leakage, a marker of membrane damage caused by oxidative stress [141]. These
results suggest that potassium enhances stress resilience by stabilizing membrane integrity.
Nevertheless, KCI had limited effect under severe salinity, indicating that potassium-mediated
tolerance may be effective chiefly under moderate salinity [143]. Further research is required to clarify
K* homeostasis mechanisms and their interplay with other stress mitigation strategies in S. viridis.

At the molecular level, the morphophysiological salt stress responses are underpinned by
complex molecular transcriptional networks. Changes in gene expression triggered by abiotic stress
often represent adaptive responses with biotechnological potential [64]. In S. italica, molecular studies
have shown that gene families such as lipoxygenases (LOX) are responsive to salt stress.
Lipoxygenases play a role in JA pathways associated with salt stress and JA enhance salt tolerance in
plants [149,150]. Zhang Q. et al. (2021) found that SILOX2, SiLOX6, SiILOX8 and SiLOX9 up-regulated
under salt stress, with SILOX10 and SiLOX11 further induced in the salt-tolerant cultivar QH2 [56].
MADS-Box genes and TCP TFs — targets of miR319, known to regulate salt stress [64,151] — have
also been implicated: [66] reported significant induction of SIMADS01 and SiMADS51 under salinity;
Xiong et al. (2022) found among 22 TCP genes studied, SiITCP2, SiTCP3, SiTCP4, SiTCP5, and SiTCP12
were repressed under salt stress.

Non-specific lipid transfer proteins (LTPs) have also been associated with salt tolerance
responses. Pan et al. (2016) characterized SiLTP in S. italica and demonstrated that it overexpression
in tobacco increased germination and survival under 100 mM salinity, as well as greater levels of
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proline and soluble sugar accumulation [153]; overexpression in S. italica improved root and shoot
growth under 100 mM salinity, while RNAi knock-down increased sensitivity [153].

ABA signaling is again pivotal to salt stress molecular responses [64]. Duarte et al. (2019)
reported changes in SnRKs and PP2C expression in S. viridis after 48 hours of salt stress, with PP2Cs
showing strong responsiveness. Genes such as SnRK2.1, SnRK2.9, PP2C6, PP2C8, and PP2C7.1 were
highly expressed in A10.1; Ast-1 exhibited significant induction of PYL genes, contrasting with their
down-regulation in A10.1 [62].

Transcriptome analyses provide broad insight into salt stress regulatory networks. Qu et al.
(2020), observed over 6000 DEGs in S. viridis under salinity stress, enriched for oxidation-reduction
processes, carbohydrate metabolism and hydrolase activity. Many TFs including MYB, WRKY, ERF,
HSF and HD-ZIP were involved. 109 TFs were up-regulated and 58 repressed, with induced MYB
TFs being particularly prominent [143]. In S. italica, Muthamilarasan et al. (2020) analyzed five gene
families related to the C4 pathway and found only SiaCaH1 (carbonic anhydrase) and SiPEPC2
(phosphoenolpyruvate carboxylase) induced under salt in the tolerant cultivar IC-4, while SIMDHS8
(NADP-dependent malate dehydrogenase) was induced in the sensitive cultivar IC-41 [154].
Overexpression of SINADP-ME5 (NADP-dependent malic enzyme) in yeast enhanced salt tolerance
despite not being induced in planta under salinity [154]. Qu, et al. (2020) examined gene expression
related to the C4 pathway, photorespiration, and oxidative stress responses in S. viridis compared to
the halophyte Spartina alterniflora. In S. viridis, PEP-CK1 and CAT2 were significantly induced, along
with genes encoding peroxidase superfamily protein and flavonol synthase/flavonone 3-
hydroxylase. Conversely, genes related to oxidation-reduction processes such as ATLOX2, ACSF,
CZSOD2, PORA, FADS, and GAPB were strongly down-regulated. The halophyte was much more
stable in its transcript analysis in contrast to S. viridis, emphasizing the susceptibility of S. viridis to
salt stress [143].

Zhang D. et al. (2021) explored the transcriptional responses in two S. italica cultivars, Chigu 10
and Fenghong 3, during germination under salinity; the tolerant Chigu 10 exhibited fewer DEGs
during seed imbibition and during radicle protrusion stages compared to the sensitive Fenghong 3.
Several transcription factors belonging to the ERF, bHLH, MYB, HD-ZIP and bZIP families are also
responsive to salt stress [155]. Numerous DEGs were associated with phytohormone signaling and
biosynthesis, primary metabolism and energy production, underscoring the critical role of metabolic
activity during germination under stress. Genes related to photosynthesis, chloroplast development,
and cell wall modification were up-regulated, suggesting anticipatory autotrophic growth as a stress
tolerance strategy [155]. Functional validation showed that SiDRM2 (involved in hormone
regulation) overexpression enhanced Arabidopsis germination under salinity, while SiKORI1
(involved in cell wall modification) overexpression reduced it [155]. Similarly, Han et al. (2022)
assessed 104 S. italica accessions and compared two genotypes — FM6 (tolerant) and FM90 (sensitive)
— under salinity. The tolerant cultivar exhibited fewer DEGs and maintained photosynthesis-related
gene expression and ion-transport enrichment, whereas the sensitive genotype exhibited extensive
gene repression, repressed ribosomal-protein hub networks and slower growth [137]. In contrast
sugar metabolism hub genes dominated the tolerant genotype network, suggesting alternative
energy production pathways to mitigate stress [137], similar to the observations on autotrophic
growth made by Zhang D. et al. (2021).

6. Nutrient Deficiency

Plant mineral nutrition is a complex and multifaceted topic. Essential nutrients are classified as
macro or micronutrients based on quantities requirements and play critical roles in plant physiology
[156]. Nutrient deficiencies can cause severe outcomes, compromising growth and yield (Figure 3).
Despite the importance of mineral nutrition, responses of Setaria species to nutritional stress remain
under-explored. Existing studies primarily address nitrogen (N), phosphorus (P), and potassium (K)
deficiencies, especially in S. italica, which is known for its tolerance to low-fertility soils [157,158].
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Nitrogen is indispensable for plant life, forming proteins, nucleic acids, vitamins and other
essential molecules [156]. Plants primarily absorb nitrogen as nitrate; ammonium is an alternative
source [159]. Nitrogen deficiency manifests as leaf chlorosis, necrosis, growth inhibition, reduced
pigments, and declines in amino acid and protein content [156]. In S. viridis and S. italica nitrogen
starvation causes fewer leaves to develop, leaf discoloration from reduced chlorophyll and
carotenoid levels [135,160], reduced shoot and root growth, and decreased shoot dry weight
[158,160]. Root architecture is altered under low nitrogen: lateral and crown roots become fewer and
shorter [158]. Nitrogen stress also hampers reproductive output, producing pale, thin panicles and
reduced seed production in S. viridis [135,161] Seed nutritional quality is also affected; for example,
folate content drops under nitrogen starvation in S. italica [161].

Beyond morphological changes, nitrogen starvation in S. italica casuses significant drops in
nitrogen content in shoots [160] and roots [158]. The decrease in root nitrogen content is greater than
in shoots, suggesting root-to-shoot N mobilization under stress [158] Nitrogen starvation also triggers
metabolic shifts: in roots, soluble proteins increase while total amino acid content declines; in shoots
both parameters drop [158,160]. Enzymes involved in nitrogen metabolism are differentially
regulated: glutamate synthase (GOGAT) activity increases, whereas glutamine synthetase (GS),
nitrate reductase and nitrite reductase activities decline [160]. These changes reflect shifts in nitrogen
use efficiency (NUE) in S. italica under low nitrogen. Nadeem et al. (2018) reported a three-fold
increase in shoot NUE and two-fold in roots under low nitrogen, suggesting shoot-directed N
mobilization may mitigate low nitrogen stress and support photosynthetic demand.

At the molecular level, nitrogen starvation down-regulates chloroplast-related genes including
SiPEPC, important in carbon assimilation [160]. Genes responsible for nitrogen transport and
assimilation are dynamically regulated: for instance, SINRT1.11 and SiNRT1.12 are up-regulated in
shoots, whereas SINRT1.1, SiINRT2.1, SiNAR2.1 and SiAMT1.1 are induced in roots, enhancing nitrate
and ammonium uptake and mobilization [158]. Comprehensive analyses of the NITRATE
TRANSPORTER 1/PEPTIDE TRANSPORTER (NPF) gene family in S. italica reveal its key role in
nitrogen transport during stress. Most NPF genes are induced under low nitrogen, particularly in
shoots, with increasing expression over time [157]. Interestingly, both S. italica and S. viridis possess
tandem duplications of NRT1.1B, unlike rice and sorghum; both copies are highly expressed in
vegetative tissues [157]. These findings suggest that this duplication event may have contributed to
the higher tolerance of Setaria species to low fertility soils. The nitrate-transporting ability of
SiNRT1.1 was confirmed in transgenic Arabidopsis complementing the nrtl.1 mutant phenotype; a
chlorate sensitivity assay [138] showed transgenic plants had better nitrate uptake than wild type
[157].

In addition to nitrate transporters, other genes respond to low nitrogen and play key roles in the
response of S. italica to nitrogen deficiency. SiATG8a, involved in autophagy pathways, is induced
by nitrogen deficit [162,163]. Overexpression of SiIATG8a increased tolerance to low nitrogen in rice
[163] and Arabidopsis [162] Transgenic rice overexpressing SiATG8a exhibited improved survival
rates, shoot dry weight and height compared to wild type under stress, while soluble protein content
decreased significantly [163]. These results suggest that soluble proteins function as important
nitrogen reserves and their rapid degradation via autophagy plays a fundamental role in coping with
nitrogen dedficiency.

Transcription factors also mediate nitrogen starvation responses. SIMYB30 is induced in S. italica
after 24 hours under low nitrogen [164]. Rice plants overexpressing SiMYB30 demonstrated a low-
nitrogen-tolerant phenotype, with higher fresh and dry weight, greater shoot height and larger root
area compared to wild type under stress. Seed nitrogen content also increased, indicating improved
NUE [164]. Interestingly, NRT1, NIA2 and GOGAT1 were all induced under low nitrogen in the
transgenic plants, while NPF2.4, NRT1.1B and GOGAT2 were induced regardless of treatment [164].
Promoter analysis MYB binding elements in these gene promoters; luciferase assays showed that
OsGOGAT2 is directly regulated by SiMYB30 [164].
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Phosphorus is another essential macronutrient; it forms a critical component of nucleic acids,
amino acids, phospholipids and ATP molecules [156]. It is primarily available in soil as inorganic
phosphate [156]. Phosphorus deficiency typically leads to reduced growth, mainly because of
impaired ATP synthase activity and NADPH regeneration often accompanied by anthocyanin
accumulation, leaf necrosis and reduced yield [156]. In S. italica, adaptive responses to low
phosphate include development of an expanded root system (in contrast to root growth inhibition
under low nitrogen). Lateral roots increase in number, length and density, although aerial growth is
significantly reduced [165]. Plant phosphate levels decline across tissues meanwhile phosphate use
efficiency (PUE) increases especially in roots [165]. Phosphorus deficiency also induces hormonal
changes in S. italica: auxin and gibberellin levels rise in roots, ABA levels increase sharply in roots
but decrease in shoots, demonstrating a complex hormonal interplay under stress [165].

Phosphate starvation induces expression of several phosphate-transporter genes such as
SiPHT1;1, SiPHT1;2 and SiPHT1;4 [165,166]. Roch et al. (2020) analyzed the expression of PHT1
family genes in 20 S. itfalica accessions under low phosphate and found that the most efficient
genotypes showed positive correlations between expression of SiPHT1;1, SiPHT1;2, SiPHT1,3,
SiPHT1;8 and plant phosphorus content [166]. These findings highlight the importance of PHT1
transporters for phosphate uptake and transport during deficiency. Nevertheless, their potential
utilization for developing tolerant cultivars remains largely unexplored, presenting an avenue for
future research. Phosphorus deficiency also induces increased free amino acid content in S. italica,
suggesting elevated protein degradation as an adaptive response [165]. Supporting this, He et al.
(2023) showed that SiATGS8a is induced by low phosphate as well, and transgenic wheat
overexpressing SiATG8a exhibited increased spike number, grain yield and phosphorus content in
leaves and roots compared to wild type [167]. Analyses further revealed that SIATG8a overexpression
induced expression of several phosphate-transporter genes (e.g., PHR1 and PT9 in the whole plant,
PHR?2 and PT3 in shoots, PAP10 and IPS1 in roots) [167]. Collectively, these findings emphasize the
key role of autophagy and protein degradation in nutrient deficiency responses and the possibility
that soluble proteins serve as important reserves during stress.

In addition to nitrogen and phosphorus, potassium completes the trifecta of major essential
macronutrients for plant growth and development. Potassium is indispensable for meristematic
growth, cell wall expansion, maintenance of cell turgor, enzyme activation, pH regulation and
stomatal aperture control [156]. Plants absorb potassium as K* ions; deficiency most markedly affects
older leaves, causing chlorosis, curling, necrosis and shorter, weaker internodes. Potassium
deprivation also adversely affects nitrogen availability, disrupting amino acid and protein synthesis
[156]. Despite its significance, research on potassium deprivation in Setaria species remains sparse,
reflecting a significant knowledge gap in Setaria mineral nutrition.

In S. italica, potassium deficiency leads to reductions in both shoot and root growth, culminating
in decreased fresh and dry biomass [168,169]. Cao et al. (2019) identified Longgu 25 as a S. italica
accession particularly tolerant to low potassium conditions. Transcriptomic analysis revealed 1,982
DEGs under low potassium, including transcription factors from MYB, AP2, NAC, Homeobox,
bHLH, WRKY and bZIP families [169]. Among these, SIMYB3 was strongly induced by potassium
deprivation. Arabidopsis plants overexpressing SiMYB3 exhibited enhanced tolerance to potassium
starvation, including increased fresh weight, longer primary roots and a larger root area than wild
type [169]. These findings suggest that SIMYB3 promotes root elongation and low potassium
tolerance, making it a promising candidate for crop improvement.

More recently, Ma X. et al. (2024) identified S. ifalica accession Yugu28 as another genotype
exhibiting high tolerance to low potassium. Over 4,000 DEGs were identified under low potassium,
many of which were transcription factors [168]. Consistent with Cao et al. (2019), MYB TFs were
heavily represented among DEGs [168]. Most potassium transporter genes were up-regulated under
stress, while a specific ion-binding protein was repressed, suggesting their involvement in potassium
homeostasis and stress response [168]. DEGs related to hormonal pathways were also prominent in
Yugu?28; auxin-related growth regulators (AUX/IAA genes), ethylene- and gibberellin-responsive
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genes were particularly prevalent [168]. Notably, SiSnRK2.6 (associated with ABA signaling), was
highly induced by low potassium stress, and transgenic rice overexpressing SiSnRK2.6 showed
enhanced tolerance, with larger root systems and taller shoots [168]. These findings highlight the
critical role of hormonal regulation in potassium deficiency responses and underscore the
contribution of the ABA signaling pathway to plant survival in potassium-depleted soils.

7. Heavy Metals

Anthropogenic activities, particularly the application of inorganic fertilizers and pesticides, are
major sources of heavy metal contamination in agricultural soils [170]. Industrial processes such as
mining, smelting and refining further amplify this issue by releasing heavy metals into the
environment via effluents, aerosols and leaching, thereby contaminating soils, water bodies and
groundwater [171,172]. Plants grown in these contaminated substrates readily absorb heavy metals,
initiating a cascade of toxic effects (Figure 3).

Heavy metals disrupt primary metabolism across various phenological stages, inducing a wide
spectrum of physiological and metabolic alterations [173]. Among primary phytotoxic effects are
inhibition of germination and root system development, often as a result of impaired cell division
and elongation. Metals such as Hg, Cd, Co, Cu, Pb and Zn are known to suppress germination, root
elongation and shoot growth [174-176], with root elongation inhibition being a particularly sensitive
toxicity parameter. The order of toxicity often reflects the stability of metal-organic complexes formed
between metal cations and plant constituents [177].

Photosynthesis is a critical target of heavy metal toxicity. Although many metals are essential as
enzyme cofactors, excess metals cause foliar chlorosis, related to reduced chloroplast density and size
[178]. Metal toxicity also damages chloroplast ultrastructure and disrupts the finely tuned electron
transport chain and its integration with carbon fixation [179,180]. This is compounded by reduced
leaf area and leaf number — adaptations reflecting oxidative stress but also stunted growth and
reduced nitrogen uptake [15]. Heavy metals further inhibit photosynthetic pigment biosynthesis via
enzymatic degradation pathways [181].

At the molecular level, heavy metal accumulation induces structural damage in chloroplast
membranes, lipids and photosystems (PSI & PSII), Leading to impaired photosynthetic electron
transport (PET), reduced chlorophyll synthesis and down-regulation of carbon fixation [182]. The
water-splitting complex of PSII (oxidizing side) and ferredoxin-NADP+ reductase of PSI (reducing
side) are particularly metal-sensitive [183]. Frequently reported loss of chlorophyll directly impairs
the photosynthetic apparatus [104]. Specific metals such as cadmium (Cd) directly inhibit chlorophyll
biosynthesis [184-186] and disrupt proper chloroplast development [187,188], which suppresses net
photosynthesis and impairs key enzymes such as Rubisco [53].

Despite the widespread detrimental effects of heavy metal contamination, tolerance mechanisms
and remediation strategies remain under-explored in C4 species; studies on S. viridis have helped
advance our understanding of heavy metal stress. Ribeiro et al. (2017) showed that transgenic S.
viridis plants over-expressing a BIMATE gene from Brachypodium distachyon exhibited enhanced
aluminum (Al) tolerance, characterized by sustained root growth and exclusion of Al from the root
apex, a process linked to increased citrate exudation into the rhizosphere, suggesting metal chelation
as the key tolerance mechanism.

Symbiotic relationships can also modulate metal stress responses. Zhang et al. (2023) found that
inoculation of S. viridis with the arbuscular mycorrhizal fungus Funneliformis mosseae mitigated Cd
toxicity: the fungal symbiont promoted antioxidant enzyme activity, reduced ROS accumulation and
maintained greater plant biomass under stress. Furthermore, S. viridis shows potential in
phytoremediation: the plant grew in soil amended with 40% coal gangue, and the amendment
enhanced its resistance to metal and oxidative stress, underscoring its suitability for contaminated
soil restoration [190].

Studies in S. italica further illuminate heavy metal stress in crop settings. Jadid et al. (2022)
observed that Cd stress significantly disrupted morphophysiological parameters in foxtail millet
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including shoot and root length reduction, decreased leaf number, panicle biomass and chlorophyll
content, with the most severe effects at 1.5 uM Cd. At the molecular level, Yang et al. (2023) conducted
a comprehensive analysis of the Natural Resistance-Associated Macrophage Protein (Nramp) gene
family in foxtail millet, identifying 12 SiNramp genes with tissue-specific expression under Cd stress.
The study linked SiNramp12 (up-regulated in roots under high Cd) with accumulation of Cd, Fe and
Cu, suggesting a role in transporting these metals; SiNramp6 displayed unique expression positively
correlated with Ca, Zn, and Mg accumulation, pointing to a role in essential nutrient homeostasis,
possibly competing with toxic Cd uptake. This functional differentiation, alongside gene duplication
evidence and diverse protein structures, underscores expansion and specialization of the SiNramp
family in foxtail millet's metal ion stress response.

Remediation strategies have also been tested in foxtail millet. Kang et al. (2022) demonstrated
that biochar application (mainly pyrolyzed at 500 °C, BC500) significantly mitigated Cd and Zn
phytotoxicity: BC500 treatment reduced bioavailable metal content, enhanced millet growth, lowered
oxidative stress and reduced Cd translocation from roots to shoots, producing the highest plant
biomass and photosynthetic rates. Moreover, expression analysis under copper and aluminum (ionic
and nanoparticle forms) in foxtail millet seedlings revealed concentration dependent responses: low
metal concentrations (e.g., 0.4 mg L) stimulated growth and expression of stress-related genes
(ACT-1, CDPK and P5CS) while higher concentrations were inhibitory, highlighting complex
transcriptional responses to nanometal stress [194].

Collectively, these studies demonstrate that key mechanisms underlying heavy metal stress
responses include metal chelation and exclusion via root exudates, symbiotic enhancement of
antioxidant defense, and coordinated action of specific transporter gene families which manage the
balance between essential nutrient uptake and toxic metal accumulation.

8. Conclusion and Future Perspectives

Drought, extreme temperatures, high irradiance, saline soil, nutrient deficiencies and heavy
metal contamination are among the most significant constraints affecting agricultural production.
Moreover, concerns related to climate change and environmental degradation have intensified
research into abiotic stresses. Studies employing S. viridis and S. italica as model systems have
revealed a convergent resilience strategy for abiotic stress resilience, centered on protecting
photosynthesis and optimizing resource allocation. Across drought, salinity, heat, and light stress,
plants prioritize defense of the photosynthetic apparatus through mechanisms such as stomatal
regulation, enhanced antioxidant capacity and energy dissipation. At the same time, precise
management of ions and nutrients, whether excluding toxic Na* or Al**, scavenging for phosphorus,
or remobilizing nitrogen via autophagy, underscores a core principle of maintaining metabolic
homeostasis under extreme conditions.

Underlying these physiological adaptations is a highly conserved molecular toolkit. Signaling
pathways — particularly those involving ABA — and key transcription factor families, including
NAC and MYB, orchestrate stress-responsive transcriptional reprogramming. The functional
diversification of transporter genes for nutrients and metals provides the genetic foundation for
efficient resource management. Collectively, the findings reviewed here not only decode the core
mechanisms of resilience in C4 grasses but also deliver a validated set of genetic targets — such as
SiATGS8a for nutrient remobilization and BAMATE for metal exclusion — for engineering next-
generation crops capable of enduring a multi-stress environment. In conclusion, while both S. viridis
and S. italica have shown a myriad of morphophysiological and molecular responses to abiotic
stresses, their unique relationship as sister species with very high phylogenetic proximity adds extra
value, and with one (S. italica) being domesticated and the other (S. viridis) remaining a wild relative,
they present a powerful paired system for studying abiotic stress biology. This dual system allows
interrogation of how domestication may have altered stress-response networks and enables
comparative genetics between wild and cultivated forms. Therefore, future research should focus on
under-explored stress types, identify key regulatory nodes within these stress-response networks,
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leverage genome-wide association studies across diverse accessions of both species, and exploit the
extensive genetic diversity of the Setaria genus to identify further traits of agricultural importance.
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