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Abstract
Abiotic stresses such as water deficit, salinity, temperature fluctuations and elevated concentrations of atmospheric CO2 
are among the significant environmental events associated with global climate changes affecting plant development. In this 
context, the monocot species Setaria viridis (L.) P. Beauv. (Poaceae) is an emerging model for plant species with C4 photo-
synthesis because it has many attributes, such as simple growth requirements, a short life cycle, small stature and a sequenced 
genome, making it ideal for studies in plant biology. Understanding the morphophysiological and molecular responses of S. 
viridis to several abiotic factors is critical for understanding the fundamental mechanisms governing the growth and adapta-
tion of C4 plants and developing climate-resilient crops in the context of climate change. This manuscript highlights the novel 
perspectives and functional mechanisms associated with how S. viridis can respond to abiotic stresses and its importance to 
the future of C4 species, reinforcing S. viridis as a powerful model for understanding grass biology.
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1  Introduction

The global human population is estimated to reach 9.5 bil-
lion by 2050, which demands an increased food supply and 
advances in food security. Between 2020 and 2021, approxi-
mately 3.1 billion people did not have access to a healthy 
diet. Projections for 2030 indicate that 670 million peo-
ple, or 8% of the world's population, will be facing hunger 
(FAO 2023). Increasing the global food supply can boost the 
exploitation of new areas with agricultural potential. Farm-
ing region expansion impacts forest and woodland areas, 
resulting in environmental degradation, a systemic global 
problem that includes climate change impacts on ecosystems 
and human activities, including agriculture (Chaudhry et al. 
2021; Levers et al. 2021).

Bad agricultural practices and inputs from urban and 
industrial pollution increase greenhouse gas emissions. 
According to global climate predictions, events such as 
drought and extreme heat will become increasingly com-
mon in response to elevated CO2 concentrations (e.g., 
atmospheric CO2 reached 410 ppm in 2019, the highest 
in at least 2 million years) and rising average tempera-
tures, with the global surface temperature having already 
reached 1.1 °C above pre-industrial levels and projected to 
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likely reach 1.5 °C in the near term (2021–2040) (Hoegh-
Guldberg et al. 2018; Siegert et al. 2020; IPCC 2023). 
Some consequences of climate change include land deg-
radation, changes in precipitation patterns, desertification, 
and the accelerated melting of polar ice caps (Burrel et al. 

2020; Defrance et al. 2020). Thus, understanding how 
plants cope with environmental stresses is mandatory for 
developing novel approaches to improve agricultural sus-
tainability and food production (Zhang et al. 2022).
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Since agriculture is directly related to environmental 
conditions, climate change affects the planting windows 
and cultural practices of agronomic species, contributing 
to a reduction in or loss of productivity (Baum et al. 2020). 
Such climate variations represent significant challenges for 
the agricultural sector, making it increasingly necessary to 
investigate the climatic factors that affect the performance 
of crop species, which may contribute to understanding the 
impacts of higher temperatures, alterations in CO2 concen-
trations in the atmosphere, soil salinization, and drought on 
several crops (Zullo Junior et al. 2006; Baum et al. 2020). 
Clarifying plant acclimatization strategies is essential for 
obtaining tolerant genotypes to improve agricultural devel-
opment and reduce food crisis (Diao et al. 2014; Ullah et al. 
2021; Liaqat et al. 2024).

Agricultural Research, Environmental Sciences, Plant 
Biology, and Biotechnology are essential for developing 
more productive agricultural commodities under harsh 
conditions with improved water use efficiency (WUE) 
(Henkhaus et al. 2020; Stepanova 2021). For these pur-
poses, establishing a model organism as a reference sys-
tem has allowed significant advances (Provart 2016). For 
example, the use of Arabidopsis thaliana (L.) Heynh. and 
Oryza sativa L., as eudicot and monocot model plants with 
C3 photosynthetic metabolism, respectively, has allowed bio-
technological and breeding resources such as the compre-
hension of responses to abiotic stresses in the development 
of C3 plants (Diao et al. 2014; Provart 2016). The success 

of the use of A. thaliana as a model plant is associated with 
its small genome, small size, and short life cycle, which 
has helped elucidating the changes in essential metabolic 
processes and anatomical structures under experimental and 
field conditions (Delatorre and Silva 2008; Brutnell et al. 
2010; Provart 2016).

C4 photosynthetic metabolism consists of the spatial divi-
sion of the carbon fixation phase. In the NADP-ME type C4 
cycle, which occurs in grasses like maize (Zea mays L.), 
sorghum (Sorghum bicolor L.), and Setaria viridis (L.) P. 
Beauv. (Poaceae), organic C4 acids initially produced in 
the cytoplasm of mesophyll cells via phosphoenolpyruvate 
carboxylase (PEPcase) are transported to the chloroplasts 
of vascular sheath cells, where they undergo decarboxyla-
tion reactions (Fig. 1). During this process, the previously 
fixed carbon is released and refixed by the enzyme ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo), 
initiating the C3 cycle (Raghavendra and Sage 2011; Wang 
et al. 2012; Hatakeyama and Ueno 2017) (Fig. 1). While 
there are different biochemical subtypes of C4 metabolism, 
the NADP-ME type is the most widespread among grasses 
and is particularly relevant for studying major bioenergetic 
crops such as maize and sorghum. The mechanisms depicted 
in Fig. 1, therefore, serve as a direct representation of the 
specific C4 pathway investigated in our work. C4 metabo-
lism improves the efficiency of carbon fixation under con-
ditions of high temperature and low water availability, as 
plants can reduce stomatal conductance to avoid excessive 
water loss while still efficiently fixing carbon (Edwards and 
Voznesenskaya 2010; Wang et al. 2012; Cano et al. 2019; 
Danila et al. 2021). Several agricultural species of economic 
interest, such as maize, sugarcane, and sorghum, have C4 
photosynthetic metabolism, among other grasses (Ehler-
inger et al. 1997; Brutnell et al. 2010; Li and Brutnell 2011). 
Therefore, the C3 plant A. thaliana is not a useful species for 
investigating the responses of the developmental aspects and 
metabolic pathways of plants with the C4 system (Brutnell 
et al. 2010; Petricka et al. 2012; Diao et al. 2014), as their 
responses to abiotic stresses are distinct. Different experi-
mental and field conditions require the use of C4 model plant 
species.

To study the photosynthetic metabolism of NADP-ME C4 
plants, the diploid green foxtail Setaria viridis (L.) P. Beauv. 
(Poaceae) has been used as a model plant (Brutnell et al. 
2010; Li and Brutnell 2011; Bennetzen et al. 2012; Cesarino 
et al. 2020). Thus, the objective of this review is to sum-
marize and synthesize the existing knowledge on S. viridis 
responses to key abiotic stresses, highlighting its utility as 
a model species for C4 photosynthesis. By focusing exclu-
sively on S. viridis, we aim to provide a coherent overview 
of its morphophysiological responses, offering insights for 
future research and for improving C4 crop resilience under 
climate change conditions.

Fig. 1   Schematic representation of the physiological variant of C4 
NADP-ME metabolism. In C4 plants, phosphoenolpyruvate carboxy-
lase (PEPC) fixes CO2 in the cytoplasm of mesophyll cells, producing 
four-carbon organic compounds. These compounds are then trans-
ported to bundle sheath cells, where they are decarboxylated within 
the chloroplasts, generating pyruvate and releasing CO2 near ribu-
lose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) carboxy-
lation sites. The upper part of the figure shows a cross-section of a 
C4 plant leaf, highlighting the Kranz anatomy. The adaxial epidermis 
(AD) and abaxial epidermis (AB) enclose the inner cell layers. The 
mesophyll cells (M) surround the bundle sheath cells (BS), which 
specialize in the Calvin cycle. The lower part presents a biochemi-
cal scheme of C4 metabolism, which occurs in a compartmentalized 
manner between mesophyll and bundle sheath cells. In the mesophyll, 
PEPC fixes CO2 in the form of bicarbonate (HCO3

-), converting phos-
phoenolpyruvate (PEP) into oxaloacetate (OA), which can be reduced 
to malate (M) by NADP-malate dehydrogenase (NADP-MDH). 
Malate is then transported to bundle sheath cells, where NADP-malic 
enzyme (NADP-ME) releases CO2 for the Calvin cycle, which is cat-
alyzed by RuBisCO. The resulting pyruvate (Pyr) is transported back 
to mesophyll cells and regenerated into PEP by pyruvate phosphate 
dikinase (PPDK), completing the C4 cycle. The sugars produced are 
transported to the vascular bundle for distribution throughout the 
plant. Abbreviations: CA - Carbonic anhydrase; Pi - Inorganic phos-
phate; S - Stoma; V - Vascular bundle; ATP - Adenosine triphos-
phate; AMP - Adenosine monophosphate; PPi - Inorganic pyroph-
osphate; NADP+ - Nicotinamide adenine dinucleotide phosphate 
(oxidized form); NADPH - Nicotinamide adenine dinucleotide phos-
phate (reduced form) 

◂
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2 � Setaria viridis as a model plant species 
for C4 crops

Setaria viridis is a summer annual grass and it is known as 
the wild ancestor of the cultivated foxtail millet, S. italica, 
considered a cereal intended for human and animal con-
sumption due to its high nutritional value (Vetriventhan 
et al. 2016; Jannah et al. 2024). As a model species, S. 
viridis provides a direct link for improving C4 crops, as 
it shares crucial genetic and physiological traits with its 
cultivated sibling species and other major bioenergetic 
crops like maize and sorghum. The utility of S. viridis 
as a model for C4 photosynthesis is supported by rapid 
growth, adaptability, and high seed production (Dekker 
2003; Brutnell et al. 2010). Moreover, its short life cycle 
(~ 60 days), small genome (~ 515 Mb), and established 
transformation protocols have the potential to acceler-
ate genetic and molecular studies (Dekker 2003; Brutnell 
et al. 2010; Li and Brutnell 2011; Bennetzen et al. 2012; 
Cesarino et al. 2020). S. viridis is also phylogenetically 
and metabolically close to major bioenergetic crops, such 
as sugarcane (Saccharum officinale L.), maize (Zea mays 
L.), and sorghum (Sorghum bicolor), and shares a simi-
lar morphology with these cereals, particularly maize and 
sorghum (Hodge and Doust 2017). Its root system con-
sists of a primary root (embryonic origin) formed shortly 
after seed germination from the hypocotyl-radicle axis. 
After a few days, abundant formation of adventitious 
roots originating from the crown (postembryonic origin) 
is observed, with both structures producing lateral roots 
from the pericycle and endoderm cells (Sebastian et al. 
2016; Costa 2018; Maqbool et al. 2022). Thus, efforts have 
been made to obtain a general and current understanding 
of the responses of this plant to environmental changes, 
highlighting it as a C4 model for molecular, physiological, 
and anatomical studies. These data can provide informa-
tion for future biotechnological studies and breeding pro-
grams (Lata et al. 2013).

The success of S. viridis as a model for C4 metabo-
lism crops is also attributed to advancements in tools 
for genetic studies and transgenic plant production. For 
example, the availability of resources such as genome 
sequencing, which is available for both S. italica (Zhang 
et al. 2012) and different accessions of S. viridis (Thielen 
et al. 2020); the development of efficient plant transforma-
tion protocols for the generation of S. viridis transgenic 
plants (Brutnell et al. 2010; Mookkan 2018; Martins et al. 
2015a,b, 2019; Saha and Blumwald 2016; Nguyen et al. 
2020; Finley et al. 2021); the phenological characteriza-
tion of development stages for S. viridis accessions on 
the basis of the BBCH scale (Junqueira et al. 2020, 2025) 
and the application of gene editing technologies such as 

clustered regularly interspaced short palindromic repeats 
(CRISPRs) (Weiss et al. 2020; Basso et al. 2021; Liang 
et  al. 2022) have contributed to its establishment as a 
model system, enabling precise genetic modifications 
and biotechnological approaches and providing valuable 
insights for further improving C4 crop species.

In this review, we discuss the current knowledge concern-
ing the responses of S. viridis under different environmental 
conditions predicted for the next few decades. Specifically, 
we provide novel perspectives and identify functional mech-
anisms associated with how C4 plants can cope with climate 
change, particularly the morphophysiological and molecular 
characteristics of S. viridis in response to water deficit, salin-
ity, temperature, and altered CO2 conditions. In addition, we 
discuss the contrasting characteristics of different accessions 
in response to abiotic stresses from morphophysiological 
and gene expression modulation perspectives.

3 � Responses of Setaria viridis to water 
deficit

Drought is one of the most extreme abiotic stresses affect-
ing agriculture (Seneviratne et al. 2012). Water restriction 
affects crops by causing a series of morphological, physi-
ological, biochemical, and genetic dysfunctions, such as 
restrictions in germination rates; limitations in stomatal con-
ductance; reduced photosynthetic performance; changes in 
root density and length; and changes in cellular water intake 
(Seleiman et al. 2021) (Fig. 2).

Plants adapt to resist and survive extreme conditions via 
distinct morphophysiological mechanisms and strategies, 
and the levels of tolerance to abiotic conditions vary among 
species, cultivars (Bennetzen et al. 2012; El-Samad et al. 
2019), and plant developmental stages (Kafi et al. 2009; 
Ardie et al. 2015). The use of S. viridis as a model to under-
stand water deficit effects is valuable as the obtained knowl-
edge might be translated for other C4 grass crops (Yoo et al. 
2014). Accordingly, studies have investigated the physi-
ological and molecular responses of Setaria under drought 
or osmotic stresses (Martins et al. 2016; Saha et al. 2016; 
Rodrigues et al. 2019; Valença et al. 2020; Travassos-Lins 
et al. 2021) (Tables 1 and 2).

Studies with water deficit, simulated by treatment with 
polyethylene glycol (PEG) 6000 (20% w/v), which generates 
an osmotic potential of − 0.5 MPa, resulted in a decrease in 
the total germination rate and promptness index (percentage 
of seeds that germinated on specific days during the obser-
vation period), radical root length, coleoptile length, and 
number of lateral roots in S. viridis during the early seedling 
stage (Qie et al. 2014). As the osmotic stress increased, ger-
mination of S. viridis was inhibited at an osmotic potential 
of − 0.5 MPa, and under moderate salinity stress (160 mM 
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NaCl), germination was completely suppressed (Qie et al. 
2014). In addition, water deficit (water withdrawal after 
germination) drastically inhibited growth of S. viridis root 
system, with considerable reductions in growth parameters 
and suppression of crown roots (Sebastian et al. 2016). Low 
water availability or prolonged drought also leads to seed 
or seedling dehydration, decreased germination percent-
age, delayed seedling emergence, and premature death in 
S. viridis.

3.1 � Effects on growth and photosynthesis

Water limitations negatively affect the total growth of the 
plant, reducing the accumulation of dry biomass, limiting 
the development of shoots, altering the architecture of the 
roots and limiting the complete functionality of the plant 
(Novák and Lipiec 2012; Brito et al. 2013; Rodrigues et al. 
2019) (Table 1; Fig. 2). Subjecting S. viridis to PEG 8000 
(7.5% w/v) stress for 6 and 10  days caused significant 
reductions in biomass accumulation and leaf area (Valença 
et al. 2020) (Table 1). Other studies on water deficit have 
described a decrease in dry weight for S. viridis (Burbulis 
et al. 2013; Martins et al. 2016; Saha et al. 2016; Rodrigues 
et al. 2019). Compared with those under irrigated condi-
tions, under severe stress in the field (50% field capacity), 
a decrease in growth, such as a decrease in height, plant 
density, and dry biomass, and an increase in the persistence 
index of S. viridis were observed. Under 75% field capacity, 
reductions in plant height, density and dry biomass ranged 
from 29 to 40%, 14–27% and 11–26%, respectively (Ihsan 

et al. 2015). The increased persistence rate of S. viridis, even 
under severe stress conditions, suggests that this species has 
the ability to acclimate its metabolism and growth, surviv-
ing in the field. Changes in morphological traits such as 
leaf curling, wilting, decreases in leaf area, and leaf number 
have been associated with an early morphological survival 
strategy in response to water deficit in S. viridis and other 
monocots. These changes result from increased WUE result-
ing from a lower transpiration rate, protecting leaves from 
photodamage (Kadioglu et al. 2012; Rauf et al. 2016; Baret 
et al. 2018; Banan et al. 2019). For instance, leaf curling in 
S. viridis was found to be an effective mechanism to prolong 
growth under stress and a necessary trait to assess toler-
ance, as has also been reported for maize (Baret et al. 2018; 
Banan et al. 2019). The slower growth of S. viridis allows 
the species to deal with water deficit more effectively, direct-
ing resources to the production of protective molecules and 
maintenance of the root system for water capture (Valença 
et al. 2020).

Water deficit induces multiple metabolic responses that 
affect photosynthesis, generating reactive oxygen species 
(ROS) and inducing the expression of key stress response 
genes, features that can be used to monitor plant stress (Joshi 
et al. 2016; Travassos-Lins et al. 2021). Water deficit con-
ditions employing 20% PEG 8000 (− 0.55 MPa) induced 
different physiological responses in S. viridis depending on 
the developmental stage (Rodrigues et al. 2019). Conven-
tional chlorophyll fluorescence parameters, such as pho-
tosynthetic quenching (qP), nonphotochemical quenching 
(NPQ), the maximum quantum yield of PSII (Fv/Fm), and 

Fig. 2   Physiological and morphological effects of environmental stresses on Setaria viridis. An illustration of the main physiological and mor-
phological differences between control and stressed S. viridis plants is presented on the basis of previous studies (Valeriano et al. 2021; Bezerra 
et al. 2021). The central panel presents an S. viridis plant growing in a hydroponic system as a reference. The left panel shows a healthy plant 
under control conditions, with increased photosynthesis, biomass accumulation, growth, and stomatal conductance, while reactive oxygen spe-
cies (ROS) levels remain low. The right panel depicts an S. viridis plant under stress, exhibiting symptoms of chlorosis and necrosis. Under 
stress, photosynthesis and growth decrease, whereas ROS levels increase, stomatal conductance decreases, and enzymatic activity is altered in 
response to stress. The blue rows indicate an increase, whereas the red rows represent a decrease in the specified characteristics under the respec-
tive conditions (control or stress)
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Table 1   Morphophysiological responses and other characteristics of Setaria viridis under abiotic stresses. *Other Setaria species are listed only 
when included in the cited experimental studies alongside S. viridis 

Species* Accessions Stress Main remarks References

S. viridis A10.1 and ME034V Water and salt It reduced germination and 
limitation of post-semi-
nal development

Acharya et al. (2017)

S. glauca, S. verticillata 
and S. viridis

– Water, temperature, and 
salt

Stress causes a reduction 
in the germination rate, 
and S. viridis showed 
greater sensitivity

Amini et al. (2015)

S. viridis ME034V Light and temperature There was a reduction in 
photosynthetic efficiency 
and starch accumulation 
in the chloroplasts of the 
mesophyll and sheath 
cells

Anderson et al. (2021)

S. viridis – Water and low temperature The water potential 
reduced germination rate 
while the temperature 
drop delayed germina-
tion

Blackshaw et al. (1981)

S. viridis A10.1 CO2 and temperature C4 metabolism enzymes 
show some kinetic 
responses similar to C3 
metabolism

Boyd et al. (2015)

S. viridis – Water Reductions in photosyn-
thetic pigments, as well 
as in fresh and dry mass

Burbulis et al. (2013)

S. viridis A10.1 CO2 Lower CA activity reduces 
photosynthesis and 
growth, but elevated CO2 
recovers parameters

Chatterjee et al. (2021)

S. viridis – CO2 Reduction of photosynthe-
sis and vegetative aspects 
as it acts, number of 
tillers, and leaf size

Coe et al. (2018)

S. viridis – CO2 Mutant plants showed 
lower production of 
tillers and biomass com-
pared to wild ones

Danila et al. (2021)

S. italica and S. viridis B100 Water The parental lineage was 
less responsive to water 
regimes concerning the 
original lines

Feldman et al. (2018)

S. viridis A10.1 Salt Germination rate and seed-
ling development were 
affected. Plants showed 
lower pigmentation and 
accumulation of fresh 
and dry mass

Ferreira et al. (2020)

S. viridis – Water Reduction of net photosyn-
thetic rate, leaf relative 
water content, stomatal 
conductance, and water 
use efficiency

Luo et al. (2011)

S. viridis A10.1 Water and aluminum Protein Kinase, RNA 
Binding Protein, and 
SDH were the most sta-
ble genes under stress

Martins et al. (2016)
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the fluorescence decay ratio (Rfd), are more affected in the 
reproductive stage than in the vegetative stage (Rodrigues 
et al. 2019). Water stress negatively affects photosynthetic 
efficiency, causing greater energy dissipation in the form 
of heat, which indicates inefficiency in light capture and 
damage to the photosynthetic system (Zia et al. 2024). In 

addition, agricultural crops and other plant species are more 
sensitive to water stress during the flowering and grain/seed 
filling periods, since this greater vulnerability of plants can 
be attributed to increased photosynthetic parameters, starch 
accumulation, greater water demand and premature senes-
cence (Yang and Zhang 2006; Pushpavalli et al. 2015).

Table 1   (continued)

Species* Accessions Stress Main remarks References

S. viridis A10.1 Salt Stress reduces photo-
synthetic performance 
and blocks the flow of 
electrons

Mendes Bezerra et al. 
(2021)

S. glauca, S. verticillata, 
and S. viridis

– Water and temperature Osmotic stress reduced the 
germination rate, while 
the species had greater 
tolerance to the effects of 
high temperature

Mollaee et al. (2020)

S. italica and S. viridis IC-4 and IC-41 Water, salt, and heat The results point to 
distinct gene expression 
profiles as a function of 
cultivar, tissue, and stress

Muthamilarasan et al. (2020

S. viridis A10.1 CO2 Mesophyll conductance 
may represent a more 
significant limitation for 
CO2 assimilation than 
anhydrase activity

Osborn et al. (2017)

S. viridis A10.1 Water Fresh mass and non-
photochemical quench-
ing (NPQ) processes 
were the most responsive 
under stress

Rodrigues et al. (2019)

S. viridis Zha-1, A10.1, Ula-1, Ast-
1, Aba-1 and Sha-1

Water and heat Accessions from different 
parts of the world exhibit 
different behavior under 
stress

Saha et al. (2016)

S. viridis A10.1 Water Crown root development 
inhibition in response to 
stress

Sebastian et al. (2016)

S. viridis A10.1 and Ast-1 Water Morphophysiological 
aspects were affected, 
and the SvNAC1 gene 
proved effective in 
stress monitoring, while 
SvWRKY1 discriminated 
accessions

Travassos-Lins et al. (2021)

S. viridis A10.1 CO2 and temperature The higher conductance 
of the mesophyll can 
potentiate the photosyn-
thetic rate in a limited 
CO2 situation

Ubierna (2018)

S. viridis A10.1 Water Physiological param-
eters were affected and 
partially restored after 
10 days of stress

Valença et al. (2020)

S. viridis A10.1, ME034V and Ast-1 Salt Plant root morphology 
is compromised during 
stress and affects mainly 
the crown roots

Valeriano et al. (2021)
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Table 2   Marker genes related to diverse abiotic stresses in S. viridis. 

Accession Stress type Candidate molecular markers Comments References

A10.1 Drought SvP5CS and SvGolS2 Genes were upregulated under 
stress

Duarte et al. (2019)

A10.1 and Ast-1 Drought SvNAC6, SvP5CS2, and 
SvDHN1

Genes were upregulated in 
both accessions under stress

Travassos-Lins et al. (2021)

ME034 Heat SvRCA_α, GOX1, PGR5, 
PGRL1, PGLP1, HPR1, 
CA_A, HSFA6B, and 
PLGG1

Genes were upregulated under 
stress

Anderson et al. (2021)

ME034 Heat TAP38 Gene was downregulated 
under stress

Anderson et al. (2021)

A10.1 Drought SvDHN1 and SvNAC6 Genes were upregulated under 
stress

Rodrigues et al. (2019)

A10.1 Drought SvP5CS2, SvWRKY1, and 
SvDREB1C

Genes were downregulated 
under stress

Rodrigues et al. (2019)

A10.1 Osmotic SvDREB1C Gene was upregulated under 
stress. The morphological 
data demonstrated a drastic 
reduction in shoot biomass

Valença et al. (2020)

A10.1 Osmotic SvP5CS2 Gene was downregulated 
under stress

Valença et al. (2020)

A10.1 Drought SvPYL4 and SvPYL7 Genes were downregulated 
under stress

Duarte et al. (2019)

Ast-1 Drought SvPYL3 Gene was downregulated 
under stress

Duarte et al. (2019)

Ast-1 Drought SvPYL1, SvPYL14, and 
SvPYL17

Genes were upregulated under 
stress

Duarte et al. (2019)

A10.1 Drought SvSnRK2.3, SvSnRK2.4.1/4.2, 
SvSnRK2.5, SvSnRK2.6, 
SvSnRK2.9, SvSnRK2.10, 
and SvSnRK2.11

Genes were upregulated under 
stress

Duarte et al. (2019)

A10.1 Drought SvSnRK2.2, SvSnRK2.7, 
SvSnRK2.8, SvPP2C1, and 
SvPP2C8

Genes were downregulated 
under stress

Duarte et al. (2019)

A10.1 Salt SvSnRK2.3, SvSnRK2.4.1/4.2, 
SvSnRK2.9, SvSnRK2.10, 
and SvSnRK2.11

Genes were upregulated under 
stress

Duarte et al. (2019)

A10.1 Salt SvSnRK2.7 and SvSnRK2.8 Genes were downregulated 
under stress

Duarte et al. (2019)

Ast-1 Salt SvPYL3, SvPYL5, SvPYL6, 
SnRK2.8, SnRK2.9, 
SnRK2.11, SvPP2C2.1, 
SvPP2C2.3.2, and 
SvPP2C2.12

Genes were upregulated under 
stress

Duarte et al. (2019)

– Cold BBX2, TPP Genes were upregulated under 
stress

Sun et al. (2022)

A10.1 Cold SvPYL1, SvPYL2, SvPYL3, 
SvPYL7, and SvPYL8

Genes were downregulated 
under stress

Duarte et al. (2019)

Ast-1 Cold SvSnRK2 Gene was upregulated under 
stress

Duarte et al. (2019)

Ast-1, Aba-1, and Sha-1 Drought and Heat RbcS and AQP genes Genes were downregulated 
under stress

Saha et al. (2016)

A10.1, Ula-1, Ast-1, Aba-1, 
and Sha-1

Heat PEPC Gene was downregulated 
under stress

Saha et al. (2016)

Ast-1, Aba-1, and Sha-1 Drought and Heat ZEP Gene was upregulated under 
stress

Saha et al. (2016)
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Leaf structural characteristics and biochemical param-
eters are components of stomatal-independent inhibition of 
photosynthesis, that is, when the reduction in photosynthe-
sis does not result in stomatal closure (Bethke and Drew 
1992). Deformations in intercellular spaces around meso-
phyll cells and changes in the size and position of chloro-
plasts are observed in S. viridis under salt stress (250 mM 
NaCl), which may reduce CO2 conductance because of 
irregular stomatal closure (Bezerra et al. 2021). Further-
more, the intracellular repositioning of chloroplasts after 
stress stimulated by the hormone abscisic acid (100 µM 
ABA) occurs near vascular bundle sheath cells, confirming 
that chloroplast movement is a response to abiotic stresses 
(Yamakawa et al. 2023). As a result, CO2 diffusion and 
light penetration may be disturbed, followed by a decrease 
in photosynthetic activity (Flexas et al. 2004).

WUE (water use efficiency) in C4 plants, such as S. 
viridis, represents the relationship between carbon fixa-
tion and the water consumed during photosynthesis. S. 
viridis is essential for understanding the responses of C4 
plants under water deficit through the identification of 
genotypes that are widely adapted to hostile conditions. 
This information will increase the understanding of S. 
viridis mechanisms and support the development of elite 
crops with durable drought tolerances (Tang et al. 2017). 
Further research can clarify C4 metabolism mechanisms 
and increase water and nitrogen use efficiency (Brutnell 
et al. 2010) in environments with low water and nutrient 
availability, increasing the usefulness of arid and semiarid 
lands in countries in Asia, Africa, and North America (Li 
1997; Huang et al. 2016; Hu et al. 2018).

3.2 � Contrasting responses of S. viridis accessions 
to water deficit

The environmental conditions that reduce water availabil-
ity, such as high salt concentrations, osmotic stresses, and 
drought, are the most devastating for a plant's life cycle 
(Rodrigues et al. 2019; Yadav et al. 2020). Thus, phenotypic 
screening of root morphology based on length, diameter, 
surface area, volume, density, fresh mass, and dry biomass 
accumulation can identify tolerant genotypes (Souza et al. 
2016; Wang et al. 2020). Elucidating adaptive mechanisms 
and root development patterns under water deficit is nec-
essary to identify morphological markers of tolerance to 
such stress (Takahashi and Pradal 2021). Additionally, it is 
essential to investigate whether shoot and root organs pos-
sess similar sensors and signaling pathways.

Different S. viridis accessions have shown contrast-
ing responses to abiotic stresses (Jia et al. 2013; Huang 
et al. 2014) (Table 1). For example, behavioral differences 
between S. viridis accessions subjected to heat (tempera-
ture increased from 28 to 42 °C) and water stress (water 
supply interrupted for 7–10 days in plants 20 days post-
germination) were demonstrated by physiological and 
genetic parameters, which distinguished accessions Ast-
1, Aba-1, and Sha-1 as sensitive compared with Zha-1, 
A10.1, and Ula-1 (Saha et al. 2016). Accessions A10.1 and 
Ast-1 have been used in water deficit studies to show con-
trasting responses in terms of stress tolerance (Saha et al. 
2016; Travassos-Lins et al. 2021). Although the previous 
study (Saha et al. 2016) classified the Ast-1 accession as 
sensitive compared to A10.1, findings from Duarte et al. 

AGT1 serine:  glyoxylate aminotransferase; AQP genes, plasma membrane intrinsic proteins (PIP1-1, PIP1-2, and PIP2-1) aquaporin genes; 
BBX2 CO-like transcription factor; CA_A carbonic anhydrase; CAT​ catalase; CS chlorophyll synthase; GOX1 glycolate oxidase; HPR1 
hydroxypyrene reductase; HSF transcription factor; LOX linoleate 9S-lipoxygenase; NADP-MDH NAD-dependent malate dehydrogenase; 
NCED 9-cis-epoxycarotenoid dioxygenase; P5CR pyrroline-5-carboxylate reductase; PEPC phosphoenolpyruvate carboxylase; PEPC_B phos-
phoeynylpyruvate carboxylase; PGLP1 2-phosphoglycolate phosphatase; PGR5 proton gradient regulation 5; PGRL1 PGR5-like photosynthetic 
phenotype 1; PLGG1 plastidic glycolate/glycerate transporter; RbcS ribulose bisphosphate carboxylase small subunit; STN7 protein kinase; 
SvDHN1 dehydrin 1; SvDREB1C dehydration-responsive element binding protein 1 class C; SvGolS2 galactinol synthase 2; SvNAC6 NAC pro-
tein 6; SvP5CS delta 1-pyrroline-5-carboxylate synthase; SvPP2C type 2C protein phosphatases; SvPYL ABA receptor PYR/PYL/RCAR protein 
Family; SvRCA​ rubisco activase; SvSnRK class III SNF-1-related protein kinase 2; SvWRKY1 transcription factors WRKY DNA-binding domain 
1; TAP38 phosphatase; TPP encodes a key enzyme for trehalose biosynthesis, ZEP zeaxanthin epoxidase

Table 2   (continued)

Accession Stress type Candidate molecular markers Comments References

Zha-1, A10.1, and Ula-1 Drought and Heat NCED Gene was upregulated under 
stress

Saha et al. (2016)

Ast-1 Drought and Heat CAT​ Lower expression Saha et al. (2016)
Ast-1, Aba-1, and Sha-1 Drought and Heat CS Gene was downregulated 

under stress
Saha et al. (2016)

Ast-1, Aba-1, and Sha-1 Drought and Heat LOX Gene was upregulated under 
stress

Saha et al. (2016)

A10.1, Ula-1, Ast-1, Aba-1, 
and Sha-1

Drought and Heat P5CR Gene was upregulated under 
stress

Saha et al. (2016)
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(2019) observed that under prolonged drought conditions 
(45 h of water withholding), 32-day-old plants of the Ast-1 
accession demonstrated slightly superior tolerance, with-
standing the stress for a longer period and exhibiting better 
photosynthetic recovery after rehydration. This suggests 
that the stress responses may vary depending on stress 
duration or developmental stage. Importantly, accessions 
A10.1 and Ast-1 originated from distinct natural popula-
tions in the United States and Azerbaijan, respectively, 
reflecting different genetic backgrounds. The evolutionary 
process in various environments explains the differences 
in behavior in situations of water deficit (Doust and Diao 
2017), highlighting the importance of genetic diversity in 
the stress response.

The molecular differences between these accessions 
should be studied to elucidate the pathways and genes 
involved in drought tolerance in C4 plants, which would 
be useful for future biotechnological improvements in C4 
crops. For example, plants from accession A10.1 can recover 
after being subjected to osmotic stress (Valença et al. 2020). 
Some studies have focused on understanding the regulatory 
mechanisms that orchestrate the recovery of S. viridis after a 
long period of water restriction, predominantly the net pho-
tosynthetic rate (Luo et al. 2009, 2011). The biosynthesis of 
free proline is a vital defense mechanism in S. viridis, help-
ing it tolerates osmotic stress and protect the photosynthetic 
apparatus (Luo et al. 2011). As previously reported in sor-
ghum, the increase in the content of this amino acid as water 
stress becomes severe may have provided osmoprotective 
and antioxidant activity to native varieties, reducing tissue 
damage and plant death (Devnarain et al. 2016).

The A10.1 accession of S. viridis is considered tolerant to 
water restrictions (Travassos-Lins et al. 2021), and several 
developmental features are affected when it is exposed to salt 
stress (150 mM and 250 mM NaCl) (Bezerra et al. 2021). 
For example, A10.1 plants presented altered anatomical and 
ultrastructural patterns of new leaves under salt stress. In 
addition, salt stress caused flattening of epidermal cells and 
turgor loss, increased the leaf lamina thickness and intercel-
lular space volume, and significantly decreased the number 
of chloroplasts. Additionally, Bezerra et al. (2021) reported 
that chlorophyll fluorescence peaks significantly increase 
under such salinity conditions, accompanied by severe dam-
age to photosynthetic parameters, which results in drastic 
photoinhibition. Photosynthetic losses in such treatments 
were associated with negative impacts on electron transport 
between the photosystems, affecting ATP and NADPH pro-
duction. Similarly, the range of growth parameters, such as 
dry mass, fresh mass, aerial tissue area, primary root length, 
and the number of lateral roots (Pegler et al. 2020), was 
reduced in S. viridis under salt stress (150 mM NaCl), as 
was also reported for maize treated with a 1 M NaCl solution 
(Zahra et al. 2020).

A transcriptomic study by Xu et al. (2013) revealed sev-
eral genes involved in photosynthesis in S. viridis, such as 
the NADP-malic enzyme phosphoenolpyruvate carbox-
ykinase, the pyruvate regulatory protein orthophosphate 
dikinase. Additionally, differential gene expression pro-
files of ABA signal transduction genes were observed in 
the A10.1 and Ast-1 accessions under drought, salinity, 
cold stresses, and exogenous ABA application, highlight-
ing variations in ABA stress responses among the S. vir-
idis accessions and in response to different abiotic stresses 
(Duarte et al. 2019). Marker genes have also been described 
for S. viridis under water deficit conditions. In comparison 
with four other molecular marker genes (namely SvP5CS2, 
delta-1-pyrroline-5-carboxylate synthase 2 and the three 
transcription factors SvWRKY1, SvDREB1C, and SvNAC6), 
SvDHN1 gene (dehydrin 1) presented the highest levels of 
expression under drought conditions (Rodrigues et al. 2019). 
Travassos-Lins et al. (2021) evaluated root responses in two 
accessions of S. viridis, A10.1 (drought-tolerant) and Ast-1 
(drought-sensitive), under controlled drought cycles via 
polyethylene glycol 8000 (PEG-8000) in a hydroponic sys-
tem to simulate dehydration/rehydration cycles. Expression 
analysis of these marker genes revealed that the SvNAC1 
gene could better monitor water stress in both accessions, 
while the SvWRKY1 gene could be differentiated between 
the two accessions evaluated, contributing to understand-
ing water deficit responses in S. viridis roots (Travassos-
Lins et al. 2021). In an independent study, S. viridis plants 
(A10.1) subjected to continuous osmotic stress (10 days, 
7.5% PEG-8000) presented a significant reduction in shoot 
biomass as an effect of the water deficit caused by osmotic 
stress. In addition, physiological data revealed that electro-
lyte leakage (EL) decreased in roots subjected to continuous 
osmotic stress, indicating an investment in membrane pro-
tection through the expression of osmoregulator genes such 
as dehydrin (SvLEA) and proline (SvP5CS2). These findings 
suggest that S. viridis A10.1 plants were able to partially 
recover from constant osmotic stress imposed over 10 days 
(Valença et al. 2020).

4 � Setaria viridis response to salt stress

Soil salinity is a drastic event for irrigated agriculture, with 
great potential for soil degradation (Schossler et al. 2012; 
Gupta and Huang 2014). Soil salinization, characterized 
by elevated concentrations of sodium, potassium, magne-
sium, calcium, chloride, sulfate, carbonate, and bicarbonate, 
is typical of arid and semiarid regions whose evaporation 
rate exceeds that of precipitation (Pedrotti et al. 2015; Kaya 
and Vasilevska-Ivanova 2021). Although salinized areas 
are reported in at least 100 countries worldwide, the lack 
of current and accurate data limits a precise assessment of 
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current environmental damage (Shahid et al. 2018). Current 
estimations show that approximately 900 million hectares of 
salt-affected land worldwide and 21 million hectares of soil 
are affected by exchangeable excess sodium. The agricul-
tural occupation of these areas may become impracticable 
due to low production and the risk of desertification (Castro 
and Santos 2020).

The root system is in direct contact with the substrate, 
it responds to external stimuli in its architecture, which are 
primary adaptive strategies for plants to tolerate stress con-
ditions (Nadeem et al. 2020). Salt perception by the plasma 
membrane and the underlying signaling from the root system 
to the shoots are topics that need to be studied. In addition, 
the ultrastructural study of subcellular organelles involved 
in the recognition and transduction of osmotic and ionic 
components, such as chloroplasts and mitochondria, can 
corroborate the elucidation of adaptive mechanisms (Wang 
et al. 2022). Understanding these mechanisms and their 
applications will increase crop tolerance to salt stress, pro-
moting sustainable agriculture in practical settings. Pursu-
ing these studies in S. viridis is important because it could 
result in more adaptable plant varieties, increasing agricul-
tural productivity in arid environments and improving food 
security in regions vulnerable to water scarcity (Choudhary 
et al. 2023). Additionally, Setaria and other cereals have a 
diverse root system composed of embryonic and postembry-
onic roots, which allows them to improve their root acclima-
tization ability in response to altered environmental condi-
tions (Pinghua et al. 2011; Orman-Ligeza et al. 2013; Costa 
2018). Morphological analyses performed by Valeriano et al. 
(2021) revealed that S. viridis roots subjected to moderate 
saline stress (150 mM NaCl) had an average larger diameter 
than those subjected to severe stress (250 mM NaCl). Fur-
ther investigations are needed to elucidate the anatomical 
changes in the root system of S. viridis under salt stress, 
analyzing whether the succulence of the roots is related to 
greater vacuoles and/or more cell layers and, consequently, 
to the greater accumulation of ions and water, as reported in 
sorghum (Munns and Tester 2008; Yang et al. 2020). Pro-
moting the enhancement of this mechanism for salt stress 
tolerance seems essential to attenuate the effects of the 
photosynthetic apparatus and, consequently, guarantee the 
maintenance of photosynthetic activity (Bezerra et al. 2021; 
Valeriano et al. 2021).

The small number of crown roots can be reflected in 
the improved tolerance of primary roots under stress con-
ditions, as shown in S. viridis and Z. mays under salinity 
(150 mM NaCl) and drought conditions (without addi-
tional irrigation), respectively, suggesting that the inhibi-
tion of a specific root type compensates for the development 
of other types of roots, such as primary roots (Zhan et al. 
2015; Sebastian et al. 2016; Maqbool et al. 2022) (Table 1). 
Based on the morphology of S. viridis roots, mainly biomass 

accumulation and the relative dry mass index, together with 
the number, length, and diameter of the crown roots, acces-
sions A10.1 and MEO34V are moderately sensitive to salin-
ity, whereas Ast-1 is sensitive (Valeriano et al. 2021). Thus, 
root system phenotyping represents an important selection 
target for future research focused on improving agricultural 
crops such as corn and other grasses in terms of drought and 
salinity tolerance, allowing the use of areas with low water 
availability and desert regions.

Glycophytes, such as S. viridis, are plants that do not 
tolerate highly saline conditions and present limitations in 
growth at concentrations close to 40 mM NaCl or to 4 dSm−1 
in terms of the electrical conductivity of the soil (Pedrotti 
2015; Kataria and Verma 2018; Essemine et al. 2020). In 
contrast to glycophytes, halophytes are defined as plants 
adapted to high salt concentrations, capable of completing 
their life cycle in saline conditions with a salt concentration 
of 200 mM NaCl or greater (Flowers and Colmer 2008). Salt 
stress results from two main effects, osmotic and ionic, and 
a secondary, oxidative effect (Munns and Tester 2008; Zhu 
2016). The ionic effect of salt is harmful to most cultivated 
crop species, which are recognized as glycophytes. Salt 
stress has direct and indirect impacts on the main events of 
plant development, limiting germination and inhibiting plant 
growth and productivity due to decreased water uptake and 
ion imbalance (Fig. 2). Under more severe stress (250 mM 
NaCl) conditions, these plants suffer severe restrictions, 
which may result in premature death (Munns and Tester 
2008; Kataria and Verma 2018; Bezerra et al. 2021; Valeri-
ano et al. 2021) (Table 1).

Studies have shown that S. viridis is negatively affected 
by salt stress. Treatments with NaCl (for saline stress) and 
NaHCO3:Na2CO3 (for alkaline stress) reduce germination 
and inhibit plant growth, including root and seedling devel-
opment (Guo et al. 2011; Ferreira et al. 2020; Pegler et al. 
2020) (Table 1). In the same way, the exposure of acces-
sions of S. viridis (A10.1, MEO34V and Ast-1) to excessive 
NaCl (150 mM and 250 mM) affects root morphological 
characteristics, limiting plant development; reducing dry 
mass accumulation, length and number of crown roots; and 
changing the shape and color of the roots (Valeriano et al. 
2021). In addition, molecular analyses of S. viridis (A10.1 
and Ast-1) under salt stress (200 mM NaCl) revealed that 
several genes involved in core abscisic acid (ABA) signaling 
were differentially expressed (both up- and downregulated) 
between the two accessions, reflecting contrasting mecha-
nisms involved in the response to salt stress. These results 
indicate that ABA signaling may be a critical molecular 
component for physiological responses during salt stress in 
C4 plants (Duarte et al. 2019).

Plant adaptations to salinity involve multiple mecha-
nisms that minimize Na+ ion accumulation and maintain a 
high cytosolic K+/Na+ ratio, such as cell detoxification by 
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exclusion/extrusion of ions by roots and glands in leaves 
and tissue compartmentalization (Munns and Tester 2008; 
Adams and Shin 2014). Similarly, the maintenance of ionic 
homeostasis (K+/Na+) to increase salinity tolerance in whole 
plants is common among glycophyte and halophyte grasses 
(Munns and Tester 2008; Sanadhya et al. 2015; Pan et al. 
2020). Studies of promising accessions of C4 model plants, 
including those in Setaria genus, are vital for identifying 
features that can be manipulated to improve tolerance to 
environmental stresses. Although glycophytes share some 
mechanisms with halophytes, their survival is limited to 
specific salinity thresholds, whereas halophytes possess 
unique cellular sensory functions that enhance salt tolerance. 
Future research on ionic and osmotic stress receptors should 
therefore consider comparative analyses of phenotypes and 
receptor functions between the root systems of halophyte 
and glycophyte species (Wang et al. 2022). Insights into 
halophyte tolerance mechanisms could ultimately be applied 
to improve the ability of C4 model species to cope with high 
ionic concentrations through exclusion or accumulation 
strategies.

5 � Setaria viridis as a model for studying 
the effects of temperature

Compared with C3 plants, C4 plants are adapted to envi-
ronmental conditions of high temperature, light, and lower 
water availability and have greater photosynthetic efficiency 
(Wang et al. 2012; Taiz and Zeiger 2013; Braga et al. 2021). 
However, with changes in the climate scenario, it is believed 
that the performance of C4 plants and, consequently, food 
production will be impacted, particularly in tropical regions, 
as cereals such as maize, sorghum, sugarcane, and millet 
are vital for the nutrition of the world population (Leakey 
2009a, 2009b).

Both cold and hot temperatures can affect plant cell mem-
brane fluidity and cell wall stability, in addition to alterations 
at the intracellular level (Zhang et al. 2022). After sensing 
changes in temperature, plants trigger several stress-specific 
signals to cope with stress. Studies in S. viridis, in which 
plants from accessions A10.1 and Ast were subjected to 
a gradual decrease in temperature, revealed reduced gas 
exchange, yield, and WUE due to lower stomatal conduct-
ance and CO2 assimilation (Carvalho et al. 2022).

Cooling stresses can also cause chlorophyll degrada-
tion, resulting in a considerable decrease in the maximum 
fluorescence (Fm) and, consequently, in the maximum 
quantum yield of photosystem II (Fv/Fm) (Carvalho et al. 
2022). In addition, plants from accessions A10.1 and 
Ast presented a reduction in parameters such as stomatal 
conductance, gas exchange rates, maximum fluorescence 
(Fm), and maximum quantum yield of photosystem II (Fv/

Fm) when subjected to up to 10 days of stress at 0 °C (San-
tos et al. 2017; Carvalho 2019). When the plants returned 
to 25 °C after 3 and 5 days under stress at 0 °C, some 
physiological parameters, such as chlorophyll fluorescence 
variables and leaf gas exchange, recovered to levels similar 
to those of the controls. The plants maintained at 0 °C for 
10 days did not recover when they were returned to 25 °C. 
The ability of S. viridis to recover from cold stress dem-
onstrates a level of stress tolerance, but the actual level of 
stress tolerance is unclear and needs further study.

Several genes involved in osmotic regulation, such as 
those related to the degradation of amino acids, lipids, and 
proteins, as well as those involved in sugar accumulation 
(raffinose synthesis) and TPS/TPP signaling (trehalose 
biosynthesis), are upregulated in S. viridis subjected to 
low temperatures (Sun et al. 2022). Such osmotic adapta-
tion mechanisms in S. viridis can be applied to improve 
stress tolerance in other C4 plants, such as maize and 
sugarcane, especially in challenging environments. The 
molecular characterization of S. viridis plants subjected to 
heat temperature revealed differential expression of several 
genes, such as increased expression of genes related to 
the NDH (NADPH dehydrogenase) complex in the chlo-
roplast, as well as genes for critical components of cyclic 
electron flow, such as PGR5 (proton gradient regulation 
5) and PGRL1 (photosynthetic phenotype similar to PGR5 
1) genes, and some genes involved in photorespiration, 
such as PGLP1 (2-phosphoglycolate phosphatase), HPR1 
(hydroxypyruvate reductase) and PLGG1 (plastidic glyco-
late/glycerate transporter) (Anderson et al. 2021).

Studies on the S. viridis accession MEV034 revealed 
reduced photosynthetic rates under heat stress (Ander-
son et al. 2021). High light (900 µmol photons m−2 s−1) 
and high temperature (40 °C) reduced the photosynthetic 
capacity due to thermal stress and photorespiration. Ultra-
structural changes in MS and BS chloroplasts included 
increased chloroplast size and starch volume under high 
light. High temperatures slightly increase starch in sheath 
chloroplasts but reduce it in mesophyll chloroplasts 
(Anderson et al. 2021).

The developmental and molecular mechanisms of Setaria 
in response to stress still need to be elucidated. Different 
S. viridis accessions exhibit plasticity in their physiologi-
cal, gene expression, and biochemical responses to abiotic 
stresses such as drought, salinity, and heat or cold tempera-
tures. For example, a study by Saha et al. (2016) identified 
genes related to the metabolic pathways of photosynthesis, 
aquaporins, ABA biosynthesis and signaling, and biochemi-
cal changes in response to water deficit and heat in five S. 
viridis accessions (A10.1, Ula-1, Ast-1, Aba-1, and Sha-1), 
demonstrating that the Zha-1, A10.1 and Ula-1 accessions 
were more tolerant to water deficit and heat stress than the 
Ast-1, Aba-1, and Sha-1 accessions.
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The intrinsic responses of S. viridis to combined stresses, 
such as drought and heat, highlight potential targets for 
genetic and physiological improvements in C4 crops of key 
interest for food production or biofuel sources, such as sug-
arcane, maize and sorghum (Travassos-Lins et al. 2021). Its 
use as a model can aid in the development of stress-resilient 
C4 crops, improving their productivity and sustainability in 
challenging environments.

6 � Responses to altered atmospheric CO2 
levels in Setaria viridis

Plants harboring the Kranz syndrome show functional and 
spatial coordination between bundle sheath (BS) and meso-
phyll (MS) cells and organelles (Fig. 1) (Brown and Smith 
1972; Kim et al. 1997). In terms of decarboxylation mecha-
nism, S. viridis presents a NADP-dependent malic enzyme 
(NADP-ME) subtype of C4 metabolism. NADP-ME is 
responsible for releasing CO2 in the chloroplasts of vascular 
sheath cells (Bennetzen et al. 2012; Junqueira et al. 2018). 
Figure 1 represents the C4 photosynthesis mechanism of the 
NADP-ME type, which is the characteristic photosynthetic 
process of the Setaria viridis species analyzed in this study, 
although there is another C4 mechanism, of the NAD-ME 
type. We chose to illustrate only the NADP-ME subtype in 
Fig. 1 so that the figure illustrates the mechanism present in 
the plant studied here. The coordinated function and activ-
ity of the phosphoenolpyruvate carboxylase (PEPcase) and 
ribulose bisphosphate carboxylase/oxygenase (RuBisCO) 
enzymes in MS and BS cells, respectively, increase the 
efficiency of CO2 fixation in C4 plants (Danila et al. 2021) 
(Fig. 1). Owing to the greater efficiency of C4 plants, these 
plants can reach a photosynthetic rate equivalent to that of 
C3 plants with lower stomatal conductance and, therefore, 
less water loss (Feldman et al. 2018; Cano et al. 2019).

Changes in CO2 concentration are among the main envi-
ronmental factors influencing plastic responses in C4 plants. 
However, leaf biochemistry, membrane permeability, aqua-
porin concentration, reduction in leaf area and leaf curling, 
structural and intercellular space changes, conductance, and 
internal diffusion can be affected under abiotic conditions, 
including drought, salinity, and temperature, resulting in 
lower diffusion of CO2 in the mesophyll (Kapilan et al. 2018; 
Ermakova et al. 2021).

S. viridis has become increasingly employed in studies 
of CO2 assimilation because it is valuable for understanding 
biological processes and studying various abiotic stresses 
in C4 Panicoideae (Osborn et al. 2017; Doust et al. 2019; 
Chatterjee et al. 2021). Furthermore, the study of enzy-
matic activities related to carbon fixation has elucidated the 
importance of RuBisCO, phosphoenolpyruvate carboxylase 
(PEPcase), and carbonic anhydrase (CA) as contributing or 

limiting factors for CO2 assimilation in C4 plants (Boyd et al. 
2015).

A recent study investigated the response of a S. viridis 
mutant with reduced carbonic anhydrase (CA) activity to 
different CO2 concentrations (Chatterjee et al. 2021). Car-
bonic anhydrase (CA) is the enzyme responsible for con-
verting CO2 into bicarbonate (HCO3

−), which is then fixed 
by PEPcase in C4 metabolism. When grown at an ambi-
ent partial pressure of CO2 (pCO2), the mutant plants were 
smaller and had lighter, thinner leaves. Compared with the 
wild-type genotype, the BS and MS cells of the mutants 
were smaller, and the amount and area of chloroplasts were 
reduced. Therefore, the photosynthesis in the mutant with 
reduced CA activity still followed a C4 pathway but with a 
significantly reduced assimilation rate, reinforcing the essen-
tial role of CA in C4 photosynthesis in S. viridis. However, 
when these mutant plants were grown in elevated CO2, their 
growth and photosynthetic rates were significantly recov-
ered, a finding that highlights the CO2 limitation imposed 
by the reduced CA activity.

However, it is unclear whether specific environmental 
conditions can limit CA activity and therefore HCO3- pro-
duction among different C4 species (Crawford and Cousins 
2021). CA activity may limit PEPcase at high temperatures 
and low pCO2 without influencing mesophyll CO2 conduct-
ance (gm), a hypothesis recently studied in S. viridis. The 
results showed that low CA activity impaired HCO3

− pro-
duction for C4 photosynthesis, but it had no influence on 
mesophyll conductance at high temperatures. In conclu-
sion, under high temperatures, when stomatal conductance 
is a limiting factor for the assimilation of atmospheric CO2, 
increasing leaf CA activity in C4 species could increase 
the photosynthetic rate (Crawford and Cousins 2021). This 
aligns with the general understanding that both enzymatic 
activity and mesophyll and sheath conductance are key fac-
tors for maximizing CO2 assimilation under stressful condi-
tions (Osborn et al. 2017; Danila et al. 2021).

Studies have shown that S. viridis can partially restore 
key photosynthetic parameters, such as Fv/Fm (maximum 
quantum yield of photosystem II), ABS/RC (absorbed 
energy per reaction center), and DI0/RC (dissipated energy 
flux per reaction center), by the tenth day under water stress 
(Valença et al. 2020). This recovery capacity raises the pos-
sibility of exploring how increased CO2 could be used to 
mitigate the effects of water deficit and further enhance 
photosynthetic recovery. This is supported by studies on 
other C4 crops, where high CO2 concentrations combined 
with water stress improved the biomass and yield of plants 
such as sorghum (Rodrigues et al. 2021). Studies combin-
ing stress and photosynthetic efficiency under altered CO2 
availability, including studies with Setaria, remain scarce. 
Future studies should assess the combined response of S. 
viridis under water deficit, salt stress, temperature, and CO2 
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concentrations, revealing possible strategies to mitigate such 
effects in C4 crops.

S. viridis has been used as a C4 model plant for studying 
distinct stress conditions affecting agriculture, such as water 
deficit, salinity, temperature, and atmospheric CO2. Studies 
have already been performed to characterize the effects of 
water and thermal stress on S. viridis individually, but under-
standing the morphological, physiological, and molecular 
alterations when different stresses are concurrently applied is 
key for the development of agronomic traits of interest. One 
of the important gaps and questions that remain unsolved, 
as is also true for crop plants with C4 metabolism, includes 
identifying, characterizing, and describing the anatomical 
variations in the root system among the different acces-
sions of S. viridis. While this manuscript has explored the 
responses of S. viridis to water deficit, salinity, and tempera-
ture, a notable gap remains in understanding its responses 
to different light conditions (high light and shading) and 
elevated CO2 levels, both in isolation and in combination 
with other stresses. Studies involving diverse accessions 
of S. viridis are interesting because S. viridis can be used 
in biotechnological approaches on C4 to respond to global 
environmental changes, offering more productive crops and 
food security in the face of world population growth and 
climate change.
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