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Abstract: Growing varieties with higher water-use efficiency is crucial to address water limitation in
agriculture. Breeding programs often resort to model plants, and Setaria viridis has been consolidating
its position as a model for C4 grasses. However, we lack a detailed analysis of drought-induced
metabolic changes in S. viridis. To partially redress this, we assessed the primary metabolic profile
of roots, leaves, and panicles in response to three watering levels. Five-day-old seedlings were
submitted to water-limiting conditions for 25 days when samples were harvested. GC-MS-based
analysis revealed that each plant organ had a specific metabolic profile, with TCA intermediates
altered in above- and underground parts. The sSPLS-DA analysis allowed clear separation of the water
regimes for the three organs. Of the 36 most important metabolites, only four (sucrose, glycerol-3P,
gluconate and adenine) were shared by all plant organs. A subset of 12 metabolites, including proline,
were further evaluated as drought bioindicator candidates, with galactinol and gluconate emerging
for vegetative parts while alanine seems informative of aerial part water status. In general, water
limitation decreased the content of nitrogen compounds in aboveground tissues and increased the
amounts of carbohydrates, especially in the sink organs. This study adds to our understanding of the
metabolic responses of grasses to water limitation and identified potential bioindicators for drought
in different plant organs.

Keywords: C; plants; GC-MS; plant organs; metabolomics; sPLS-DA

1. Introduction

The ability of plants to respond efficiently to water availability is crucial for survival
and productivity. Restrictions in water supply can result in biomass reduction, crop yield
losses, and hinder or greatly impact plant growth and development [1-3]. When exposed
to environmental changes, plants may alter their metabolic pathways to return to their
homeostasis condition, a process called acclimation [4]. Water stress often triggers changes
in content of carbohydrate alcohols (e.g., mannitol, sorbitol), soluble carbohydrates (e.g., su-
crose, glucose), amino acids (e.g., proline, glycine, betaine, adenine) [5] and secondary
metabolites [5,6]. They can act as adjustment osmolytes, osmoprotectants, antioxidants
(scavengers of reactive oxygen species—ROS) and/or defense metabolites [7].

Besides varying according to environmental conditions, plant species, and develop-
mental stages, the physiological and metabolic responses to drought can differ among plant
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parts. This variation may be a result of surrounding environments and/or organ-specific
functions in plant development and physiology [2,8,9]. Drought affects shoot physiology
by triggering stomatal closure, which changes the water use efficiency, transpiration, and
relative water content. At the root level, drought reduces water-uptake capacity and trig-
gers changes in root length and density [9]. As such, each plant organ has distinct strategies
to cope with and survive water limitation. Nevertheless, the adaptations of different plant
organs to drought have barely been studied.

The metabolic responses of plants to water deficit go beyond the accumulation of a
restricted group of metabolites. In this sense, a metabolomic approach is suitable to study
plant abiotic responses, offering a broad picture of metabolic profiles under contrasting envi-
ronmental conditions, and also identifying metabolic signatures of water deficit [1,6,7,10,11].

Our metabolic and molecular knowledge of plants under water stress is mainly cen-
tered on eudicot species, such as Arabidopsis thaliana. However, the extension of Arabidopsis
responses to monocotyledonous crop species is limited [3], especially to those with Cy
metabolism. As such, studies on C4 model plants aiming to elucidate the metabolic profile
for a given level of water limitation are necessary to widen the knowledge of early response
to drought and potentially guide breeders through selection of more resistant grass crops,
such as maize and sugarcane. Setaria viridis (L.) Beauvois, popularly known as green millet,
has been receiving special worldwide attention during the last decade as a model plant to
study grasses with C4 photosynthetic metabolism [12] and C4 bioenergy grasses [13].

Despite the existence of studies focused on responses of S. viridis to water stress [12,14],
a detailed analysis of changes in the metabolite profile and in different plant organs
has not been conducted. The aim of this study was to assess the primary metabolic
profile of roots, leaves and panicles of S. viridis grown under contrasting levels of water
availability—from seedling to flowering initiation. The results obtained here will help to
elucidate the metabolic behavior of this model Cy4 species in response to water limitation,
with potential implications for related crop productivity.

2. Materials and Methods
2.1. Plant Material and Water Treatments

Seeds of Setaria viridis (accession A10.1) were allowed to germinate in petri dishes
for four days (one day at 5 °C followed by three days at 22 °C and photoperiod of 16/8 h
light/dark) under 550 pmol m~2 s~ 1. Five-day-old seedlings were individually planted in
plastic pots (200 mL) in a mixture of pit-like substrate and vermiculite (4:1). One hundred
plants, randomly distributed on the greenhouse benches of the Postgraduation Program of
Plant Biotechnology, grew for 20 days under natural light and one of three conditions of
water availability during the months of May to June in Rio de Janeiro (Brazil). The control
treatment consisted of watering the plants every 2-3 days, bringing them back to 100% of
the soil pot capacity (SPC) level. The total weight used to calculate SPC was previously
determined for pot + soil. Plants were watered with a commercial Hoagland plant nutrient
solution twice at weekly intervals. Plants submitted to the two water-reduced treatments
received 50% and 25% of the water (in weight) given to the control plants. Plants were
randomized along the benches every watering day. Plants reached the flowering stage
around the 21st DAP (day after planting).

2.2. Sampling, Yield and Stomata Conductance

On the sampling day (25th DAP), we sampled two subsets of plants per treatment: five
plants were used for total plant dry weight and stomatal conductance measurements, while
20 plants were used for metabolite profiling (pooled samples of five plants per replicate).
Stomatal conductance was measured in the latest fully expanded leaf in the middle of the
morning using a porometer (SC1, Decagon®, Sao Paulo, Brazil).
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2.3. Metabolite Extraction and Gas Chromatography Coupled with Mass Spectrometry
Analysis (GC-MS)

To investigate the metabolic profiles, we separately harvested roots (R), leaves (L—leaves
plus culm) and panicles (P—panicles plus stalks) at the 25th DAP. For each plant organ and
water treatment, five biological replicates were analyzed, each replicate comprising five
plant samples. The biological replicates were ground to a fine powder in liquid nitrogen
and lyophilized. The dried ground tissue (50 mg) was extracted in 1 mL of a precooled
(—15 °C) mixture of MTBE:methanol:water 3:1:1 (v/v/v), as previously described [15]. The
organic phase (100 uL) was dried and derivatized [16]. Samples (1 pL) were analyzed on
an Agilent® 7890 gas chromatograph coupled with a LecoPegasus 2 time-of-flight mass
spectrometer (LECO, St. Joseph, MI, USA) [17]. Chromatograms were exported from
LecoChroma TOF software® (version 3.25) to R software®. Peak detection, retention time
alignment, and library matching were performed using the Target Search R-package® [18].
Metabolites were quantified by the peak intensity of a selective mass. Metabolite intensities
were normalized by dividing the dry weight, followed by the sum of total ion count and
log, transformation to be statistically evaluated by a discriminant analysis approach.

2.4. sPLS-DA Analysis

We used Metaboanalyst® v3 online (http://www.metaboanalyst.ca/ last accessed on
14 February 2023 http:/ /www.metaboanalyst.ca/ (accessed on 14 February 2023) [19]) for
the sparse partial least squares—discriminant analysis (SPLS-DA). The sPLS-DA algorithm
was used because it can reduce the number of variables in metabolomic data, producing a
robust and easy-to-interpret model. The missing values of the peak intensity input table
were replaced by small values (half of the minimum positive value found in the data
set). No additional filtering, normalization, transformation, or data scaling were carried
out. We maintained the program default parameters (a model of five components and
10 variable—metabolites—in each component). To evaluate the performance of the model,
5-fold cross-validation (CV) was performed, and the classification error rate obtained
from 10 independent CV runs were averaged. To further assess the differences among
the samples and for bioindicator selection, we focused on the metabolites whose absolute
loading values were >0.40 in sPLS-DA components 1 and 2. We explain the metabolite
behavior according to the water treatment for each plant organ.

2.5. Statistical Analysis

Stomatal conductance, plant productivity and the content of the metabolites of plants
grown under the three water treatments were statistically analyzed by one-way ANOVA,
followed by Tukey’s post hoc test, using Statistic 7®.

3. Results and Discussion
3.1. Reduced Water Availability Decreases Biomass and Stomatal Conductance in Setaria

Water is one of the major limiting resources of plant productivity and the need of
guiding parameters for plant breeders is the primary driving force for the characterization
of model-plant responses to contrasting levels of water [2,3]. Firstly, we measured the
plant dry weight and the stomatal conductance of S. viridis plants grown at 100% (control),
50% and 25% SPC (Supplemental Figure S1).

The two reduced levels of water supply significantly decreased the aboveground
productivity by approximately 50%, without differences between the two water limiting
treatments (Table 1). Consistently, the stomatal conductance decreased drastically when
irrigation was limited to 50% and 25% of SPC (Table 1).
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Table 1. Plant dry weight and stomatal conductance of S. viridis plants grown at 100% (control), 50%,
and 25% of soil pot capacity (SPC).

Water Treatments
Parameters

100% (Control) 50% SPC 25% SPC

Plant dry weight (g) 0.033 £0.0062  0.016 +0.007>  0.018 4+ 0.016°

Stomatal conductance (mmol m—2 s~ 1) 1.36 £ 0312 0.052 + 0.016°  0.067 +£0.014 "

Results in means + standard deviation (n = 5). Same letters indicate no statistical differences between the values,
according to Tukey’s post hoc test.

Stomatal closure in response to water constraint is one of the main factors that limits
photosynthesis [20,21]. The observed reduction in stomatal conductance induced by water-
shortage treatments (Table 1) indicates that S. viridis responses to water availability include
stomatal closure and photosynthesis sacrifice, which directly reflect on reduced biomass
accumulation. Similar results of 50% decreasing of stomatal conductance and dry biomass
production was observed for some accessions of S. viridis submitted to water limitation in
previous studies, showing a similar degree of impairment in net photosynthesis [22].

In our study, despite restrictions in carbon supply due to the two water-limited regimes,
no shift in the vegetative-reproductive transition was observed in S. viridis, with plants
submitted to all water regimes entering the reproductive phase around the 21st DAP. Saha
and coworkers [22] observed that accession A10.1 was able to initiate flowering during the
progression of water-deficit treatment. Taken together, these results suggest that S. viridis
accession A10.1 may overcome the water constraints, even when prematurely imposed, and
maintain the duration of its developmental phases. Additionally, the day length might have
contributed to the onset of reproductive stage in S. viridis irrespective of water availability,
since it is considered to be a major factor governing this species” reproduction [12].

3.2. Metabolomics Analysis Highlights Organ-Specific Changes in Response to Drought

Using a GC-MS analysis, we were able to identify and determine the relative concen-
tration of 61 metabolites (Supplemental Table S1) for three plant organs (R, L, and P) and
three watering treatments (100%, 50% and 25% SPC). This set of metabolites was used as
input for sPLS-DA analysis [23,24], a method increasingly applied to omics analysis, such
as metabolomics [9,25,26]. An sPLS-DA variant assumes sparsity, meaning that a small
number of features, such as metabolites, could explain an observed biological effect [27,28].

First, the comparison of metabolites of well-watered (control) samples revealed a clear
separation of leaves, panicles, and roots (Supplemental Figure S2a), reinforcing the intuitive
notion of organ-specific metabolite profiles underlying their specialized morphology and
functions. Among the metabolites that contributed most to separate the organ samples (ab-
solute loading scores >0.40) (Supplemental Figure S2b), tricarboxylic acid cycle (TCA) inter-
mediates (cis-aconitate, isocitrate and ketoglutarate) exhibited higher levels in leaves, while
galactinol content was higher in roots. According to our results, higher levels of asparagine,
homoserine and cysteine were characteristic of panicles (Supplemental Figure 52b). During
the reproductive phase, flowers, fruits, and seeds are a great sink for N, which is trans-
ported from the sources mainly as amino acids. Asparagine is one of the most abundant
amino acids transported to the sink organs in a range of plants [29,30].

To investigate the metabolic changes triggered by water limitation, the sPLS-DA anal-
ysis was performed separately for each plant organ (Figure 1). Missing values comprised
3.4%, 3.8% and 10.3% for panicles, leaves and roots, respectively. The analysis was per-
formed by using the default number of sPLS-DA components (PC) (five) and variables
(metabolites) per component (10). The estimate of classification error rate showed that this
parameter setting resulted in the smallest error rate for all organs (Supplemental Figure S3),
with the error rate of leaves close to zero even for a lower number of components. The most
important metabolites (absolute loading scores >0.40) for all five components are shown in
Supplemental Table S2.
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Figure 1. sPLS-DA overview plot showing the five components (a) and 2D score plots of PC1 and
PC2 (b) for S. viridis panicles, leaves and roots submitted to three water treatments (100%—control,
50% and 25% SPC). In (a), X and Y axes vary from —2 to 2 at regular intervals. In (b), the area around
the points represents the 95% confidence interval.

In panicles, the five PCs explained 79.9% of total metabolite variation, with PC1 and
PC2 together contributing with 53.9%. Similarly, in leaves, 77.1% of variation was explained
by all PCs and the first two PCs represented 57.5% of observed variation for the water
treatments. For roots, less variation could be explained by the PC components (68.7% for
all five components and 39.5% for first and second components together). Nevertheless, the
sPLS-DA method results showed a clear discrimination between plants developed under
the three water regimes and for all the evaluated plant organs (Figure 1b). Additionally, the
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sPLS-DA panicle clusters (Figure 1b) were the narrowest, followed by those of leaves and
roots, which might reflect natural metabolite variance in different organs of S. viridis plants.

Since PC1 and PC2 together explained 40-60% of observed differences among treat-
ments, the metabolites assigned to these components in panicles, leaves and roots were
studied further (Figure 2; Supplemental Figure 54). They comprised a total of 36 metabolites,
subsequently classified as carbohydrates (12), nitrogen compounds (10), organic acids (13)
and polyol (1) (Figure 2). The different classes of primary metabolites play important roles
in water—stress response. According to the literature, carbohydrates and polyols [31] can
act as osmolytes, helping to keep membrane integrity and cell turgor. Moreover, these
metabolites are a source of energy [32,33]. Nitrogen compounds, especially amino acids,
are important osmoregulants, besides being used as precursors for protein synthesis [33].
Organic acids, on the other hand, regulate the pH and osmotic potential of plant cells, and
play roles in energy metabolism [34].

Panicles Leaves Roots

100%  50%  25% 100%  B50%  25% 100%  50%  25%
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5 -E Asparagine «
o3 Citrulline «
E g_ Leucine «
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Polyol oo N I
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Figure 2. Content of PC1 and PC2 metabolites (36) in the panicles, leaves and roots of S. viridis
plants submitted to three different water treatments: 100% (control), 50% and 25% of soil pot capacity
(SPC). The relative concentration of each metabolite is the average of five biological replicates,
including NA samples (no detectable values). Corresponding standard deviation values are shown
in Supplemental Table S1.

Organ-specific responsive primary metabolites in S. viridis were identified in this study.
The highest amount of responsive specific metabolites was observed in roots (8; 22.22%),
followed by leaves (5; 13.89%) and panicles (3; 8.33%) (Figure 3; Supplemental Table S3).
The greater similarity between leaves and panicles may be at least partially explained by
the fact that roots, as an underground tissue, grow in an entirely different environment
from the aerial parts. Often, roots are in direct contact with the soil, being responsible for
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absorbing essential resources such as water and nutrients. Roots also monitor the above
ground environment [35,36]. Conversely, shoots are the major photosynthetic sites, besides
being involved in circadian clock function and reproduction [36]. Each physiological and
developmental role of these diverse plant parts is explained by their morphoanatomy;,
biochemistry and metabolic profile.
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Figure 3. Comparison of water-deprivation-responsive metabolites identified in panicles (P), leaves
(L) and roots (R) of S. viridis plants. For each plant organ, the metabolites of the components PC1
and PC2 were combined and compared, for a total of 36 metabolites. ANOVA significance for
(a) panicle-specific, (b) leaf-specific and (c) root-specific metabolites. Different letters indicate signifi-
cant differences (p < 0.05) between the water treatments in the same plant organ. ns = not significant.

In agreement with our results, the metabolic responses to drought generally differ
between shoots and roots [2]. Commonly, the metabolites shift in opposite directions in
specific plant organs [2]. Metabolite production and modulation is the major mechanism
for osmotic regulation in response to water availability [37]. Indeed, specific knowledge
about the metabolites involved in water—stress responses can point to potential candidate
pathways to be manipulated to develop plants that are more resistant to the adverse effects
of decreasing water availability [38].
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Among the 36 water-limitation-responsive metabolites in S. viridis, four (11.11%) were
shared between the three plant organs (Figures 3 and 4), including the high-scoring sucrose
and gluconate.

a b
Sucrose Glycerol 3-P
2 * * %k * k % * % 14
20 g B ns ns
18 a a b
16 a 10
14 a a b a ab b
12 8
1z - p Glucose —>» | Glycerol 3-P
¢Tb
6 4
§ D B 3 ¢ Glycolysis
2
0 o
S P SO P S P SE P OB SO P
Panicles Leaves Roots Panicles Leaves Roots
Gluconate Adenine
i: ns * % % * % 18 * % % * % % * % Pentose
14
" a2 @ a uap Plevle / PRI o okS
12 c a 3 al Pathwa
a 10
10 b b N b
8
6 6
4 4
: :
0 o
P SR P S P P PSP LSS P
Panicles Leaves Roots Panicles Leaves Roots

Figure 4. Water-limitation-responsive metabolites shared by S. viridis panicles, leaves and roots.
These metabolites correspond to the common area of Venn diagram shown in Figure 3. (a) Results
of ANOVA analysis. Different letters indicate significant differences (p < 0.05) between the water
treatments in the same plant organ. Asterisks indicate the significant effects in each plant organ
(**p <0.01; *** p < 0.001); ns = not significant. (b) Proposed model of pathways connecting the
shared metabolites. Along the X axis, the numbers 100, 50, 25 refer to the water treatments.

Water limitation increased sucrose levels in above- and underground parts of S. viridis,
independently of the treatment (Figure 4a). Similarly to starch in Arabidopsis, sucrose may
serve as a carbon source in S. viridis [39]. Sucrose and other sugars are also important signal
molecules in the regulation of stress responses and tolerance mechanisms in plants [36].
The metabolism of abscisic acid (ABA), a critical hormone for drought response, can be
altered by hexose signals originating from sucrose cleavage [40]. Increased sucrose levels
in response to water deficit have been reported for wheat cultivars [41,42]. Sugar content
increases in response to mild [5] and severe water stresses [2], playing an important role in
osmotic adjustment as compatible solute. By reducing the osmotic stress, sugars hamper
the reduction of cell turgor, stabilizing membranes and subcellular structures [43].

The increase in sucrose level in response to water limitation was noticeable in the roots,
but especially in the panicles of S. viridis (p < 0.001) (Figure 4a). The increment in sucrose
content in panicles is probably related to its breakdown and translocation (remobilization)
to reproductive parts to overcome their energetic demand. Sucrose is the main sugar loaded
and transported in the phloem over long distances [44]. Sucrose and other carbohydrates
have already been shown to be remobilized to panicles when there is a decrease in carbon
assimilation, as generally occurs in plants submitted to water stress [45,46]. Reduced carbon
assimilation could be a consequence of the observed reduction in stomatal conductance
(Table 1). Approximately twice as much sucrose in the three organs when plants developed
under both conditions of limited water supply highlights the multiple roles of this sugar for
S. viridis. Sucrose was shown to function as a signal and energy source for flowering [47].
Our hypothesis is that the increased levels of sucrose in the panicle would ensure the energy
requirement for reproduction, which is in accordance with the observed maintenance of
the blooming time for S. viridis plants under water limitation.

Gluconate was another metabolite responsive to water limitation shared by the differ-
ent plant organs, and particularly important to the vegetative parts in S. viridis. Its content
significantly decreased in response to the water limitation in leaves and roots, without
differences between the two water-restriction conditions (pL = 0.92, pR = 0.90; Figure 4).
Gluconate have been reported in soybean and wheat plants in response to different types of
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stress [25,38,48-50]. Gluconate may act as a powerful chelator of metallic ions [51], and its
decrease might affect antioxidant potential under low water availability. This compound is
an intermediate that can redirect the carbon flow from glycolysis into the pentose phosphate
pathway (PPP) to provide NADPH for antioxidant activity [48,50,52].

Adenine abundance significantly decreased in the 50% SPC-treated panicles, leaves
and roots, followed by an increase at 25% SPC, particularly noticeable in the aerial parts
(p < 0.001) (Figure 4a) in this study. Adenine, which is the main nucleotide for energy
metabolism, showed a reduction in response to water deficit in Rangpur lime (Citrus
limonia) roots [53].

A possible relationship among the four shared metabolites is shown in Figure 4b. For
the sake of simplicity, intermediates of glycolysis and PPP are not shown. The proposed
model suggests that the fate of glucose, which originates from sucrose breakdown, may
differ in vegetative and reproductive organs of S. viridis plants grown with different water
supply. While water limitation activates the glycolysis in panicles, the carbon flow seems to
be affected by the PPP in vegetative parts. The PPP has a role in the antioxidant defenses not
only by generating NADPH?2 but also feeding the phenylpropanoid pathways [52]. Further
investigation is necessary to assess the role of PPP in S. viridis adaptation to water limitation.

Taken together, our results show that S. viridis plants can reprogram their metabolism
in an organ-specific way to deal with limited water supply from early developmental
stages. Changes in sugar metabolism and carbon flow were observed in vegetative and
reproductive organs of S. viridis plants.

3.3. Identification of Potential Water-Deprivation Bioindicators

The S. viridis metabolites were also mined for water-limitation bioindicator candi-
dates. Bioindicators are metabolites that reflect the plant’s health status and can assist in
management decisions [11,31].

The S. viridis metabolites shown in the Venn diagram (Figure 3) show the 12 com-
pounds with absolute loading score >0.40 (Supplemental Figure S4) selected as potential
drought bioindicators (Figure 5). As a whole, univariate analysis confirmed the signif-
icance of selected metabolites, reinforcing their association with the S. viridis responses
to water shortage. Interestingly, 11 of the 12 bioindicators candidates showed statistical
significance in leaves, indicating the suitability of this organ to monitor water limitation in
S. viridis plants.

For aerial parts, alanine appeared to be a good drought bioindicator candidate (ab-
solute loading values were >0.40), exhibiting significantly reduced levels even for milder
water limitation in panicles and leaves, but no significant changes in roots (Figure 5). Sim-
ilarly, drought-induced changes were observed for agmatine and fucose. Together with
2-oxoglutarate, alanine is synthesized from glutamate and pyruvate by alanine amino-
transferases (AlaAT). These enzymes can also catalyze the reaction in the opposite direc-
tion [54,55]. In Arabidopsis, AlaAT genes were shown to be mainly expressed in vascular
tissues of shoots and roots [56]. Additionally, the conversion of alanine into pyruvate seems
to play a role during the hypoxia and post-hypoxia response. During stress, the carbon
flux goes from carbon storage compounds to alanine, while alanine is mobilized during the
recovery and carbon flux is directed towards the TCA cycle [54-56]. Taken together, these
results suggest that alanine participates in the S. viridis drought response and hence may
serve as a water status indicator, especially in leaves.
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the X axis, the numbers 100, 50, 25 refer to the water treatments. Asterisks indicate significant effects:

indicate significant differences (p < 0.05) between the water treatments in the same plant organ. Along
*p <0.05;** p < 0.01; ** p < 0.001; ns = not significant.

Figure 5. Potential bioindicators (loading score >0.40) of water limitation in S. viridis. Different letters
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Galactinol, a raffinose family oligosaccharide (RFO), emerged as a potential bioindi-
cator for vegetative parts. This was the only candidate with score >0.40 in two S. viridis
organs. Galactinol levels significantly decreased in leaves and roots under severe water
limitation (Figure 5). At the same time, raffinose levels increased with increased water
limitation (Figure 2), suggesting that galactinol might be used to synthesize raffinose in
response to drought in S. viridis. Previous studies in Arabidopsis and rice have shown that
galactinol is involved in plant responses to drought, possibly functioning as an osmopro-
tectant [57,58]. RFOs were previously found to be early and highly responsive to drought
in these species [5]. Gluconate, putatively associated with changes in the carbon flow in
response to drought (see the previous section), also seems to be useful for monitoring water
status in vegetative parts of S. viridis (Figure 5).

Besides the well-known drought marker proline, changes in sucrose, adenine and
cis-aconitate were statistically significant (Figure 5). Changes in the abundance of sucrose
and adenine were already discussed (see Figure 4). Despite the statistical significance,
changes in cis-aconitate levels differed in plant organs, framing a more complex scenario.
Severe limitation of water (25% SPC) reduced cis-aconitate levels in panicles in comparison
to well-watered plants. In leaves and roots, 25% SPC stress caused increased and decreased
cis-aconitate levels, respectively, in comparison to the 50% SPC. Complex patterns were
also observed for other bioindicators that are TCA intermediates, illustrating the intricate
mechanisms regulating this pathway. Additionally, this result strongly suggests that
the TCA cycle is altered in response to water deprivation in above- and underground,
vegetative, and reproductive parts of S. viridis plants.

3.4. Drought Impacts Free Amino Acid Levels and TCA Pathway

Free amino acid contents were altered by water limitation (Figure 6) in S. viridis. Previ-
ous studies indicate that accumulation of amino acids such as proline and y-aminobutyric
acid (GABA) occur later than sugars [5]. The severe water limitation (25% SPC) significantly
increased proline levels in all evaluated organs of S. viridis plants in comparison to the
control (Figures 4 and 5). This compound, known as a “drought marker,” is commonly
produced not only in response to drought but also to other stress conditions in many
plant species [59].

The accumulation of proline and other amino acids is commonly observed in roots of
plants submitted to drought [60]. The increase in proline content in response to water stress
was already described for aerial parts of several accessions of S. viridis [22]. Proline acts
as an osmoprotectant, contributing to maintain the cellular redox balance by quenching
electrons that could damage cell constituents [38]. Moreover, this metabolite acts in osmotic
adjustment [59] by regulating the osmotic potential of cells and promoting the stabilization
of proteins and membranes [61].

S. viridis branched-chain amino acid (BCAA) content was also altered by the water
limitation (Figure 6). Leucine and isoleucine levels were significantly reduced in leaves and
panicles of plants submitted to the milder (50% SPC) water limitation. Conversely, in leaves,
the BCAA levels were even higher in the most severe condition. These results show that
the modulation of BCAA content is important for the S. viridis response to water limitation.

BCAAs, as well as proline and GABA, have already been shown to accumulate in
an ABA-dependent manner in Arabidopsis plants submitted to dehydration stress [62].
The modulation of BCAA compounds (e.g., leucine, isoleucine and valine) in response to
water deficit has been reported in a wide range of species [1,5,26,37,62-66]. Huang and
Jander [65] showed that drought-increased BCAA levels reverted to normal after removal
of the stress. These amino acids are used as the carbon skeleton to sustain TCA under stress
conditions [64]. ZmASR1, a member of abscisic acid-, stress-, and ripening-induced (ASR)
group of proteins, when overexpressed in maize triggers a reduction in BCAA compounds
in both well-watered and water-deficit conditions. ASR proteins accumulate during plant
developmental processes and in response to stress. Surprisingly, this transgenic maize
showed higher tolerance to water deprivation [66]. Besides biosynthesis, BCAA catabolism
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may also play a role in modulating their levels in response to drought [67]. A hypothesis
is that an increased degradation of BCAAs under water deprivation could provide an
alternative carbon source for the TCA cycle [64]. Additionally, they can play a role in
the detoxification mechanism by maintaining a free BCAA pool at levels compatible with
cellular homeostasis during stress situations [68].
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Figure 6. Metabolic changes in TCA cycle and amino acid pathways induced by water treatments
in S. viridis organs. For each metabolite, a colored table is shown, with rows representing the plant
organs (P—panicles; L—leaves; R—roots) and columns representing pairwise treatment comparison
(from left to right: 25/100, 50/100, 25/50). Blue indicates significant level decrease, yellow indicates
significant level increase and white means no significance in the comparison. Statistical significance
was determined by ANOVA followed by Tukey’s test (p < 0.05).

As with free amino acid levels, the TCA pathway can be regulated in response to
water deprivation [63]. Aconitate, ketoglutarate and succinate are important intermediates
of the TCA cycle (Figure 6), a crucial pathway of respiratory metabolism involved in ATP
biosynthesis [69]. Increases in the production of these TCA metabolites in response to lower
water availability were observed in different plant species and can be related to higher
tolerance against drought [5,33,38]. The accumulation behavior of each of these metabolites
differed among one another [5], but they might help to keep energy production under water-
limited conditions. Their accumulation seems to be induced by ABA [33] and accompanied
by the accumulation of sugars and alcohol sugars [10]. We observed higher panicle levels of
isocitrate, ketoglutarate and succinate at the middling water level (50% SPC). Severe water
limitation (25% SPC) caused a further decrease of ketoglutarate and succinate abundance
in comparison to 50% SPC (Figure 6). Significant decreases in aconitate and succinate in
response to severe drought have been documented for other species [33].
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Fumarate, another important TCA intermediate, had the highest abundance under the
most drastic water regime (25% SPC, Figure 6). Interestingly, in roots, the fumarate level
was significantly decreased by both water treatments.

Another noteworthy compound is the non-protein amino acid GABA. It is known
that GABA can be metabolized into succinate, hence fueling the TCA cycle in a pathway
known as the GABA shunt [70,71]. Results obtained here show that the GABA level was
significantly reduced at the same time that succinate content was increased by the mild
water shortage (50% SPC) in S. viridis leaves. Kinnersley and Turano [72] reported that the
GABA shunt pathway stimulation in response to the increased requirement of TCA cycle
intermediates may play a role in plant survival during drought through the biosynthesis of
secondary metabolites. Further investigation is necessary to confirm if the GABA shunt
pathway is activated by drought in S. viridis.

3.5. Carbohydrate and Nitrogen Compound Responses to Drought

The availability of carbon and nitrogen regulates many aspects of plant metabolism
and development [73]. A known consequence of drought is the alteration in carbohydrate
and nitrogen compound production, and this can differ for each plant organ [74,75].

To assess alterations in carbon and nitrogen balance induced by water deprivation
in S. viridis organs, the sum of the content of all carbohydrate and nitrogen compounds
detected and quantified by GC-MS was considered. Lower accumulation of nitrogen
compounds was observed in aboveground tissues (Figure 7, left) in response to water
deprivation, while an increase in carbohydrates was detected, especially in panicles and
roots (Figure 7, right). However, an overall decrease in carbohydrate levels was observed
in leaves of plants submitted to the 25% SPC condition (Figure 7, right). Similarly to our
results, Saha et al. [22] observed a decrease in protein content in aerial parts of S. viridis
submitted to water restriction.

Except for the content of nitrogen compounds in leaves, in general, carbon and nitrogen
metabolite accumulation for the two water-shortage treatments (25% and 50% SPC) did
not differ much; however, both were different from the control (100% SPC). S. viridis
grown at 50% SPC changed carbon and nitrogen metabolite accumulation. This was in
agreement with the stomatal behavior, where at 50% and 25% SPC, stomatal conductance
was halved (Table 1).

In agreement with our results for panicles and roots, an increase in sugar content in
response to drought has been observed for different wheat genotypes [9]. Carbohydrates
play an important role in plant growth and development and can help in evading stress by
acting as osmotic regulators, especially in roots [43]. Considering the panicles, increased
sugar content under severe water shortage is likely to be a stress-surpassing mechanism [45],
allowing the plant to reach reproduction. Evaluating the content of sugars, the increase
in total carbohydrate content in response to the water limitation in panicles of S. viridis
(Figure 7) was especially due to the increase in sucrose, raffinose and melibiose levels
(Figures 2 and 3), while in roots, it can be explained by sucrose, raffinose and mannitol
(Figure 2), where mannitol is a well-known osmoprotectant [10]. The decrease in almost all
carbohydrates (ribitol, cellobitol, ribulose, fucose, glucose-6-P, galactinol and melibiose—
Figure 2) observed in this study explains the lower accumulation of these compounds in
leaves submitted to the most severe water limitation (Figure 7).
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Nitrogen compounds Carbohydrates

50/ 100 % 50/ 100 %

25/100 %

R 25/ 100 %

Panicles 25/ 50 %

25/ 50 %

50/ 100 % 50/ 100 %

25/100 % 25/ 100 %

25/ 50 % 25/ 50 %
50/ 100 % 50/ 100 %
25/ 100 % | Roots 4cm 25/ 100 %

25/50 % 25/50 %

. Decreased D Increased D No changes

50/ 100 %: 50 % SPC compared to control (100 %)
25/100 %: 25 % SPC compared to control (100 %)
25/50 %: 25 % SPC compared to 50 % SPC

Figure 7. Nitrogen compound (left) and carbohydrate (right) production in response to water
restriction (50% and 25% of soil pot capacity—SPC) observed in each organ (roots, leaves or panicles)
of S. viridis. The content of the compounds represents the sum of the quantity of all the different
compounds belonging to each class detected and quantified by GC-MS. The colors represent the
increase (yellow), decrease (blue) or lack of changes (white) in the total content of these compounds
comparing the different water treatments, as specified, and according to the ANOVA analysis
(p <0.05,n =5).

Taking all these results together, we can hypothesize that the increase in carbohydrates
content in response to water deprivation in roots and panicles might be related to the
role of these compounds in sink organs [76]. Sucrose is the most important nonstructural
carbohydrate that serves as a C reserve in C4 annual grasses, such as maize, sorghum, Sudan
grass, millet and S. viridis, being specially accumulated in lower stem and roots [77,78]. In
addition, in roots, sucrose may enhance water uptake, even while the soil water potential is
decreasing [79]. In panicles, the presence of sucrose might insure the reproduction and the
filling of the future grains, particularly under water limitation. Indeed, the accumulation of
carbohydrates is particularly important for grain filling in several cultivars [77].

Nitrogen metabolism comprises compounds that can be assembled as peptide pre-
cursors as well as carbon sources [48]. As such, some amino acids can be used as “energy
molecules” throughout glycolysis, the TCA cycle and/or amino acid metabolism path-
ways [48,80]. The overall decrease in the nitrogen compounds is explained by the lower
content of almost all BCAAs in response to the water shortage (Figure 6), indicating that
these molecules may be used as carbon sources [64]. A decrease in amino acid accumulation
due to drought has already been observed in other plant species [79,81].
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4. Conclusions

Even though water shortage is one of the major problems limiting plant yield world-
wide, metabolic and molecular knowledge associated with plant responses is mainly
centered on Cj eudicots, not the most accurate model for several crop grass species. To the
best of our knowledge, this is the first investigation of the differential metabolic responses of
vegetative and reproductive organs of S. viridis, a C4 model plant, to water limitation. The
sPLS-DA analysis showed that only four metabolites were shared by all plant organs, with
an increase in sucrose levels in response to water limitation. Twelve bioindicators emerged
as candidates, including galactinol and gluconate (vegetative parts), alanine (aerial parts),
proline, sucrose, adenine and cis-aconitate. The water limitation decreased the content of
nitrogen compounds in aboveground tissues and increased carbohydrates, especially sink
organs. In conclusion, our study improves the understanding of the primary metabolic
responses of C4 grasses to water limitation and shows the diversity of metabolites that
potentially contribute to drought tolerance in vegetative and reproductive parts of S. viridis.
Identifying metabolites and metabolic pathways in C4 crop plants that increase drought
tolerance is a crucial step in future gene editing to improve drought resistance. Bioindi-
cators for water limitation might facilitate drought monitoring and plant development.
Further and deeper studies of these metabolic routes and their regulation hold the promise
of developing drought-tolerant crops for semiarid and arid climates.
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