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Abstract: Hydrogen sulfide (H2S), a novel gas signaling molecule, has been shown to enhance plant
resistance to various abiotic stresses. Here, we investigated the effect of sodium hydrosulfide (NaHS,
a H2S donor) on the growth, photosynthetic parameters, and enzyme activities related to carbon and
nitrogen metabolism, as well as the levels of carbohydrates and nitrogen metabolites in foxtail millet
seedlings subjected to drought stress conditions in pots. The findings revealed that drought stress led
to a significant 41.2% decline in the total dry weight (DW) after 12 days of treatment, whereas plants
treated with NaHS showed a lesser reduction of 18.7% in total DW. Under drought stress, exogenous
NaHS was found to enhance carbon metabolism in foxtail millet seedlings by significantly enhancing
photosynthetic capacity, starch, and sucrose content. Additionally, exogenous NaHS was observed to
improve nitrogen metabolism by substantially increasing soluble protein content, nitrogen assimilate
activity, and synthesis of nitrogen-containing compounds in foxtail millet seedlings. In summary,
the exogenous application of NaHS stimulated seedling growth and enhanced drought resistance in
foxtail millet by modulating carbon and nitrogen metabolism processes affected by drought stress.

Keywords: hydrogen sulfide; drought stress; foxtail millet; carbon and nitrogen metabolism

1. Introduction

Given the backdrop of escalating global water scarcity, drought has exerted a profound
impact on world agricultural production in recent years [1]. Drought events in agricultural
production are marked by their extensive geographic distribution, frequent incidence,
and extended duration, leading to adverse impacts on crops at various stages of their
growth cycle. Drought hinders plant growth and development, disturbs physiological
and metabolic processes, and may cause DNA damage, ultimately resulting in significant
decreases in crop yields or, in extreme cases, death [2–4]. Hence, enhancing crop resilience
to drought is crucial for maintaining stable yields and successful harvests.

Hydrogen sulfide (H2S) serves as a crucial signaling molecule in various physiological and
pathological processes within plant systems. The release of H2S gas by plants such as soybeans
and cucumbers were first observed in 1978, establishing H2S as the third most significant
gas signal after NO and CO [5]. Due to its small size, H2S can easily pass-through biological
membranes and modulate plant cellular homeostasis without the need for specific receptors [6].
A substantial body of research has demonstrated that H2S exerts regulatory influence over
a multitude of vital physiological processes in plants. Specifically, the exogenous H2S has
been found to enhance photosynthesis activity in plants with high chlorophyll content, as
evidenced by research conducted by Parveen et al. [7] and Liu et al. [8]. Additionally, the use
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of H2S donors has been found to effectively mitigate decay and mildew in postharvest fruits,
leading to an extension of their storage duration, as reported by Ali et al. [9]. Furthermore,
H2S has been shown to confer resistance to plants against various abiotic stresses, including
drought, cold, high salinity, heavy metal toxicity, and UV radiation, thereby offering significant
protection against damage [10,11]. H2S has been identified as a novel signaling molecule crucial
for enhancing plant resistance to drought. It has the ability to stimulate the expression of
DES1, further leading to the sulfhydrylation of OST1/SNF1-associated protein kinase (SnRK2.6),
subsequently accelerating stomatal closure [12]. Furthermore, H2S plays a role in responding to
drought stress by modulating ion channels that safeguard cell membranes, either directly or
indirectly. [13]. Nonetheless, a more comprehensive investigation is necessary to elucidate the
precise mechanisms through which H2S contributes to enhanced drought tolerance in plants.

The process of carbon and nitrogen metabolism among plants is a highly coordinated
and unified process, which is crucial for regulating plant morphogenesis and life activities [14].
Plants require a sufficient nitrogen supply to facilitate the assimilation of CO2 via photosynthesis
for the production of carbohydrate nutrients. Additionally, a substantial quantity of fixed
carbon is essential for nitrogen metabolism to serve as a carbon skeleton acceptor, along with
a significant amount of ATP and NADPH to support the requisite biochemical processes.
Achieving a harmonious balance between the assimilation capacities of carbon and nitrogen
is imperative for enhancing crop resilience to stress, as highlighted by Ren et al. [15]. Carbon
and nitrogen metabolites regulate plant response to environmental signals by regulating gene
expression, enzyme and transporter activity related to carbon and nitrogen transport [16].
Therefore, maintaining equilibrium in carbon and nitrogen metabolism during drought stress is
essential for promoting plant development and increasing crop productivity.

Foxtail millet (Setaria italica L.) ranks among the small-scale coarse grain crops with the
largest cultivated area and highest total yield [17]. This crop is utilized for both its grain
and grass, with grain grass and grain bran essential components for high-quality feed. Fur-
thermore, it features a modest genome size of approximately 420 Mb, a brief life cycle, and
rapid reproduction, rendering it a valuable model crop for investigating stress resistance [18].
Drought stress is recognized as the primary factor restricting foxtail millet yield and growth
in agricultural production [19,20]. Hence, it is crucial to explore practical strategies to enhance
the drought resistance of foxtail millet. Previous studies on H2S in improving plant tolerance
to drought primarily focuses on enhancing antioxidant capacity, regulating stomatal closure,
and increasing photosynthetic efficiency [15,21]. However, the influence of H2S on regulating
metabolic processes in drought-stressed seedlings has received less attention. Photosynthesis
is intricately linked to the metabolic processes of carbon and nitrogen, with interdependent
regulatory mechanisms in plants. Here, we hypothesized that H2S could enhance foxtail millet
drought tolerance by alleviating the inhibitory effects of drought stress on carbon and nitrogen
metabolism. This study examined the effects of exogenous NaHS on carbon and nitrogen
metabolism in foxtail millet under water stress, shedding light on the interplay between H2S,
drought tolerance, and carbon and nitrogen metabolism.

2. Materials and Methods
2.1. Plant Materials and Drought and NaHS Treatment

The Jingu 21, a drought-sensitive variety, was provided from the Industrial Crop
Institute of the Shanxi Academy of Agricultural Sciences in Taiyuan, China. Seeds that were
uniform in size, color, and fullness were carefully selected. The seeds were disinfected using
a 1% sodium hypochlorite solution for a duration of 10 min and then rinsed three times
with sterile water. Subsequently, the treated seeds were planted in plastic pots measuring
17 cm in diameter and 22 cm in height, filled with 3 kg of loess. The application rates
of N, P2O5, and K2O were 0.24, 0.18, and 0.24 g kg−1 dried soil, respectively. To prevent
evaporation, perlite was used to cover the surface of the soil. The artificial climate chamber
was set up as follows: the temperature was 28 ◦C daytime/23 ◦C night, the photoperiod
was light for 14 h and darkness for 10 h, the light intensity was 1000 µmol m−2 s−1, and
the relative humidity was 45–55%.
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Foxtail millet seedlings were treated with 100 µM NaHS or distilled water at the
four-leaf stage, followed by exposure to natural drought stress conditions 12 h later using
a weighing and water control method [22]. Four treatment groups were established:
(1) normal water supply with foliar spray of distilled water, (2) normal water supply with
100 µM NaHS, (3) drought stress with a foliar spray of distilled water, and (4) drought
stress with 100 µM NaHS. Each treatment included 30 pots that were randomly placed.
Sampling was conducted during the hours of 9:00–11:00 on the 6th and 12th days during
the drought, specifically the fourth fully developed leaf and root system.

2.2. Determination of Biomass and Leaf Area

Following the induction of drought stress in foxtail millet seedlings during the middle
(6 days) and late (12 days) stages, a total of six foxtail millet plants exhibiting uniform
growth were selected for each treatment. Leaf length and width were measured with a ruler
to calculate the total leaf area of the plant. Subsequently, the samples underwent a 30-min
drying period at 105 ◦C, followed by further drying at 80 ◦C until a constant weight was
achieved. The dry weight of the entire plant was determined using an analytical balance
(TF2003, Heng Ji, Shang Hai, China). Subsequently, the shoots and roots were separated
to determine their individual dry weights. Each treatment was replicated six times for
statistical analysis.

2.3. Extraction and Determination of H2S

The concentration of H2S was quantified utilizing the methylene blue method as
analyzed by Xiao et al. [23]. A total of 0.1 g of fresh leaf and root samples were taken
and centrifugated with 0.9 mL 20 mmol·L−1 Tris-HCl buffer (pH = 8.0) in the ice bath
for 20 min at 4 ◦C 2000× g. Subsequently, 0.5 mL of supernatant combined with 2 mL
of extract, to which a specific quantity of zinc acetate was added. This mixture was then
supplemented with 0.1 mL of 30 mM FeCl3 solution and 0.1 mL of 20 mM N, N-dimethyl-p-
phenylenediamine. After 15 min, a 670 nm wavelength was used to measure the absorbance.
Each treatment was replicated three times for statistical analysis.

2.4. Determination of Gas Exchange Parameters, Chlorophyll Content, Fv/Fm, and Relative
Water Content

The net photosynthetic rate (Pn), stomatal conductance (Gs), and transpiration rate
(Tr) of the fourth fully expanded leaf were assessed using the LI-6800 infrared gas an-
alyzer (LI-COR, Lincoln, NE, USA). The conditions during the measurements included
synthetically effective radiation of 1000 µmol m−2s−1, humidity at 50%, leaf temperature of
25 ◦C, airflow at 500 µmol s−1, and CO2 concentration at 400 ppm. The pulsed amplitude
modulated chlorophyll fluorescence system (Imaging PAM; Walz, Effeltrich, Germany) was
utilized to assess the chlorophyll fluorescence parameters (Fv/Fm) of labeled leaves. The
concentration of chlorophyll-a/b was determined using the formula proposed by Lichten-
thaler [24]. The total chlorophyll concentration, as well as the chlorophyll-a/chlorophyll-b
ratio were subsequently calculated. The fifth leaf, fully expanded and devoid of veins, was
sectioned into small segments, weighed by fresh weight (FW) using a precision balance,
involved with distilled water for 6 h in order to determine its saturated weight (TW), and
subsequently subjected to drying at 70 ◦C for 24 h to ascertain its dry weight (DW). Leaf rel-
ative water content (RWC; %) was determined using the following equation. Six biological
replicates were measured for each treatment.

RWC =
FW − DW
TW − DW

× 100

2.5. Enzyme Extraction and Activity Assay

The enzymatic activity of ribulose bisphosphate carboxylase (Rubisco) was assessed
at 340 nm using the method described by Liu et al. [25]. The activity of ADP-glucose
pyrophosphorylase (AGPase) was determined as outlined by Schaffer et al. [26]. AGPase
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activity was quantified in milligrams per hour of increased NADPH per gram of fresh
sample. Frozen leaf samples weighing 0.2 g were homogenized in 2 mL of 100 mM Tris-HCl
buffer (pH = 7.0), followed by centrifugation at 10,000× g for 10 min at 4 ◦C. The activities
of sucrose phosphate synthase (SPS), sucrose synthase (SuSy) and invertase (INV) in the
supernatant were determined according to the method of Hu et al. [27]. SPS and SuSy
were expressed as milligrams of sucrose produced per gram of fresh sample per hour. INV
represents enzyme activity in milligrams of glucose and fructose (reducing sugar) produced
per gram of fresh sample per hour. The activity of nitrate reductase (NR) was determined
according to the method described by Barro et al. [28], with NR units defined as the amount
of nitrogen dioxide produced per gram of fresh sample per hour. Glutamine synthetase
(GS) activity was determined by O ‘Neal and Joy [29], with GS enzyme activity reported in
milligrams of gamma-glutamyl isohydroxyl acid produced per gram of fresh sample per
hour. The activity of glutamate synthase (GOGAT) was assessed following the protocol
outlined by Matoh and Takahashi [30], while the activity of glutamate dehydrogenase
(GDH) activity was determined according to Loyola-Vargas and de Jimenez [31]. GOGAT
and GDH units were defined as the amount of NADH consumed per gram of fresh sample
per hour. Each treatment was replicated three times for statistical analysis.

2.6. Quantitative Analysis of Carbohydrates

The contents of sucrose, fructose, and glucose were quantified in a 0.2 g dry leaf sample
following the methodology outlined Xu et al. [32]. Starch contents were determined using the
procedures described by Hansen and Moller [33]. Specifically, 0.1 g of leaf dry samples were
combined with 1 mL of an 80% ethanol solution, subjected to a water bath at 80 ◦C for 30 min,
and centrifuged at 4000× g for 10 min at room temperature. This process was repeated twice.
Subsequently, 0.4 mL of distilled water was added to the resulting precipitation and heated at
100 ◦C for 15 min. Following a 15-min stirring period, 0.4 mL of a 9.2 M HClO4 solution was
introduced to the precipitation. The reaction solution was centrifuged at room temperature at
4000× g 10 min and the supernatant were obtained. A 0.4 mL 4.6 M HClO4 solution was added
to the precipitation, stirred for 15 min, added 1 mL distilled water, centrifuged for 10 min, and
combined with the supernatant. The precipitate was washed with distilled water twice, and the
supernatant was filled with distilled water to 1 mL. A 0.1 mL extract solution was combined
with 0.25 mL sulfate–anthrone reagent (ice water bath) and heated in a 100 ◦C water bath for
10 min. The absorbance at a wavelength of 620 nm was subsequently measured. Each treatment
was replicated three times.

2.7. Determination of the Content of Metabolites Related to Nitrogen Metabolism

Leaf freeze-dried samples weighing 0.1 g were individually collected to determine
the contents of free amino acids, soluble protein, NH4

+ and NO3
−. Free amino acids

were quantified by grinding 0.1 g freeze-dried leaves into 1 mL 50 mM phosphate buffer
(pH = 7.8) and centrifuging them in the ice bath for 20 min at 4 ◦C, 12,000× g. The content
of free amino acids was determined following the protocol outlined Hajlaoui et al. [34]. The
soluble protein content was quantified following the procedure outlined by Zhou et al. [35],
while the ammonium nitrogen (NH4

+) content was determined through indigo blue spec-
trophotometry described by Bräutigam et al. [36]. The content of nitrate nitrogen (NO3

−)
was assessed using the nitrosalicylic acid method detailed by Patterson et al. [37]. Each
treatment was replicated three times.

2.8. Quantitative Real-Time PCR (qRT-PCR)

The foxtail millet leaves subjected to drought stress for a duration of 12 days were
ground into a fine powder utilizing a mortar that had been pre-chilled with liquid nitrogen.
Total RNA extraction was performed according to the RNAisoPlus kit of Baori Medical
Biotechnology Co., Ltd (Beijing, China). Samples with a 260/280 ratio between 1.9 and 2.1
were selected and stored at −80 ◦C in a cryogenic refrigerator (DW-86L626, Haier, Beijing,
China). cDNA was synthesized using Primescript™ RT gDNA Eraser (Perfect Real Time)
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kit from Baori Medical Biotechnology. Subsequently, real-time primers were designed for
CDS sequences using Primer Premier 5 software, as detailed in Supplemental Table S1 and
compounded by Sangon Bioengineering Co., Ltd. (Shanghai, China). The specificity of the
primers was validated by the analysis of the solubility curve obtained through scanning.
The reaction utilized the TB Green® mixer Premix Ex Taq™ II (Tli RNaseH Plus) kit from
Baori Medical Biotechnology Co., Ltd. (Beijing, China), and the Bio-rad CFX96 Touch
real-time fluorescence quantitative instrument. The reaction system and procedure were
displayed in Supplemental Tables S2 and S3. The internal reference SiActin (Seita.5G464000)
was employed. The gene expression of each sample was determined by the 2−∆∆Ct method.

2.9. Statistical Analysis

Statistical analysis was performed using SPSS 25.0 (IBM, Chicago, IL, USA) utilizing
one-way ANOVA. Treatment differences were evaluated for significance using the least
significant difference (LSD) test (p < 0.05). Graphical representations were generated using
Sigmaplot 12.0.

3. Results
3.1. Effects of Exogenous NaHS on the Growth of Foxtail Millet under Drought Stress

NaHS treatment had no significant effect on the foxtail millet seedling growth under
adequate irrigation conditions (Figure 1). Drought stress had a notable inhibitory effect on
the growth of foxtail millet seedlings, resulting in a significant reduction in both shoot and
root dry weights (Figure 1A,B). Following 6 and 12 days of drought treatment, the total
dry weight of foxtail millet decreased by 22.5% and 41.2%, respectively, compared to the
control treatment. Conversely, the total dry weight of foxtail millet under NaHS treatment
increased by 27.5% and 38.4% compared to that under drought treatment (Figure 1C).
Moreover, following 6 and 12 days of drought treatment, the leaf area of foxtail millet
exhibited reductions of 20.1% and 31.8%, respectively, in comparison to the control group.
Conversely, when subjected to drought conditions, the leaf area of foxtail millet treated
with NaHS increased by 4.9% and 13.9%, respectively, as opposed to the drought treatment
alone (Figure 1D). Exogenous NaHS could substantially increase the endogenous H2S
content in the foxtail millet roots and leaves (Figure 1E,F). Exogenous NaHS foliar spraying
effectively alleviates drought stress on foxtail millet.

3.2. Effects of Exogenous NaHS on Carbon Assimilation of Foxtail Millet under Drought Stress

Under adequate irrigation conditions, NaHS had no significant effects on Pn, Gs, Tr,
Fv/Fm, Rubisco activity, chlorophyll content and RWC of foxtail millet leaves. Compared
with the control, the Pn, Gs, and Tr of foxtail millet leaves were significantly decreased
under drought stress. In contrast, after 12 days of drought stress, plants treated with NaHS
had 66.3%, 56.9%, and 42.2% higher Pn, Gs, and Tr, respectively, compared to drought-
treated plants (Figure 2A,C,D). In addition, foxtail millet leaves treated with NaHS showed
significantly higher Rubisco activity than drought plants. Following 6 and 12 days of
drought stress exposure, the activity of Rubisco in foxtail millet leaves subjected to NaHS
treatment exhibited a respective increase of 26.4% and 52.5% in comparison to drought-
stressed plants (Figure 2B). The chlorophyll content of foxtail millet seedlings significantly
decreased by 22.44% and 49.3% after 6 and 12 days of drought stress treatment, respectively,
in contrast to the control group. However, the chlorophyll content of foxtail millet leaves
treated with NaHS demonstrated a notable increase when compared to untreated drought-
stressed plants, showing increments of 28.9% and 66.3% after 6 and 12 days of drought
stress, respectively (Figure 3A). In response to water stress, the levels of chlorophyll a/b,
RWC, and Fv/Fm in foxtail millet leaves exhibited a statistically significant decrease of
12%, 13%, and 15%, respectively, after a period of 12 days. NaHS treatment significantly in-
creased chlorophyll a/b, RWC, and Fv/Fm of foxtail millet leaves (Figure 3B–D), indicating
improved carbon assimilation under drought stress.
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3.3. Effects of Exogenous NaHS on Carbon Metabolism of Foxtail Millet under Drought Stress

Under normal growth conditions, the addition of NaHS did not significantly affect
AGPase, SPS, SuSy, INV, starch, sucrose, fructose, and glucose content in foxtail millet
leaves. The effect of drought stress on starch synthesis in foxtail millet leaves is mainly
due to the reduction of AGPase and SPS activities, which in turn reduces starch synthesis.
The activities of AGPase and SPS in foxtail millet leaves decreased by 56.5% and 47.7%
respectively compared to the control after 12 days of drought stress. In contrast, NaHS
treatment only resulted in a 22.8% decrease in AGPase activity and a 24.9% decrease in SPS
activity in foxtail millet leaves (Figure 4A,B). The activities of SuSy and INV, two important
enzymes involved in sucrose hydrolysis in foxtail millet leaves, were higher under drought
stress than in foxtail millet treated with NaHS (Figure 4C,D). In contrast, after 6 days and
12 days of drought stress, NaHS treatment increased the starch and sucrose contents in
foxtail millet leaves (Figure 5A,B). In the absence of drought stress, foxtail millet leaves
exhibited a significant increase in fructose and glucose content when not treated with
NaHS. Following 6 and 12 days of drought stress, the fructose content in foxtail millet
leaves treated with NaHS decreased by 22.7% and 28.6%, respectively, in comparison to
drought-stressed plants. Similarly, the glucose content in foxtail millet leaves treated with
NaHS decreased by 41.9% and 30.1% after 6 and 12 days of drought stress, respectively,
compared to drought-stressed plants (Figure 5C,D). This shows that exogenous NaHS
treatment can enhance the content of sucrose and starch under drought stress. The results
indicated that treating foxtail millet with NaHS enhanced its ability to sequester carbon
under water deficit conditions.

3.4. Effects of Exogenous NaHS on Nitrogen Assimilation and Nitrogen Metabolism of Foxtail
Millet under Drought Stress

Under normal water supply conditions, the activity of the nitrogen assimilation enzyme
(NR, GDH, GS, GOGAT) and the content of nitrogen metabolites (NH4

+, NO3
−, soluble protein,

free amino acids) in foxtail millet leaves was not affected by NaHS. Following 6 and 12 days of
drought stress treatment, the activity of NR in the leaves of foxtail millet seedlings exhibited
a reduction of 27.4% and 46.7%, respectively, in comparison to the control group. Conversely,
the NR activity in the leaves of foxtail millet seedlings subjected to NaHS treatment showed
a significant increase when compared to the drought treatment, with increments of 34.3% and
46.8%, respectively (Figure 6A). Following 6 and 12 days of drought stress, the activity of GDH in
foxtail millet leaves treated with NaHS exhibited a reduction of 30.9% and 23.2%, respectively, in
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comparison to plants subjected solely to drought conditions (Figure 6B). Despite the application
of NaHS, there were no noticeable differences in the activity levels of GS and GOGAT enzymes
(Figure 6C,D), and NH4

+ content between foxtail millet leaves treated with NaHS and those not
under drought stress (Figure 7A). This suggests that different biological processes could produce
the same level of NH4

+ content. Foliar spraying NaHS significantly restored NO3
− and soluble

protein, levels in foxtail millet leaves under drought (Figure 7B,C). The free amino acids content
in foxtail millet leaves increased by 28.4% and 89.5% after 6 and 12 days of drought stress,
respectively. In contrast, the free amino acids content in foxtail millet leaves treated with NaHS
experienced a decrease of 22.0% and 31.5%, respectively, when compared to drought-induced
plants (Figure 7D). After being treated with NaHS, the plants exhibited higher NO3

− content,
GDH activity, and soluble protein content in comparison to non-treated plants.
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3.5. Effects of Exogenous NaHS on the Expression of Genes Related to Carbon and Nitrogen
Metabolism in Foxtail Millet under Drought Stress

The expression of genes encoding the key enzyme Rubisco (Sita101774958, Sita101770259,
Sita101764983) for carbon fixation was significantly increased by H2S in foxtail leaves. Fur-
thermore, the transcription levels of sucrose and starch biosynthesis genes SPS (Sita101759319,
Sita101781780, Sita101752535), AGPase (Sita101771800), GBSS (Sita101786779), and SS
(Sita101758779, Sita101785561, Sita101761472, Sita101774804) in plants treated with NaHS
were significantly higher compared to untreated plants. NaHS also down-regulated genes
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associated with sucrose decomposition, such as SuSy (Sita101762615, Sita101783222) and
INV (Sita101774900, Sita101765478, Sita101770954). Additionally, NaHS up-regulated genes
involved in nitrogen metabolism, including NR (Sita101760744, Sita101773167) and GS
(Sita101772334, Sita101764285), while down-regulating the transcription levels of GDH
(Sita101778373, Sita101755619) (Figure 8).
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4. Discussion

Drought stress has been shown to hinder plant growth and development, however,
the introduction of exogenous H2S has been found to mitigate the growth inhibition
caused by drought [38,39]. The research revealed that water deficiency impeded the
growth of foxtail millet, leading to a decreased aboveground dry weight in comparison
to non-stressed plants. Conversely, the external administration of NaHS demonstrated
a potential alleviation of the suppressive effects of drought stress on foxtail millet growth
(Figure 1). This suggests that H2S may enhance the drought resistance of foxtail millet.
Similarly significant increases in above-ground dry weight under drought stress have been
reported in safflower pre-treated with H2S [40], as well as in wheat [41] and peppers [42].
Additionally, research indicates that plants lacking the endogenous H2S synthesizing gene
DES1 exhibit heightened sensitivity to drought stress [43]. Upon analysis, it was noted that
the leaves of dry foxtail millet exhibited a higher H2S content in comparison to the control
group. This observation serves to corroborate the notion that H2S promotes foxtail millet
growth under drought-stress conditions.

Photosynthesis serves as a crucial foundation for crop yield formation, supplying
humans with essential sustenance and energy [44,45]. Nevertheless, drought poses a signif-
icant threat to this metabolic process in plants. Drought-induced stress diminishes plant
photosynthetic efficiency by triggering stomatal closure, disrupting chloroplast integrity,
and impeding photosynthetic enzyme function, ultimately impeding plant growth and
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yield production [46]. Pn is an important index to evaluate the photosynthetic capacity and
growth status of plants. This study demonstrated that foxtail millet treated with NaHS
exhibited enhanced Pn and GS in response to drought stress (Figure 2). Similar findings
were observed in rice and Chinese cabbage [47,48]. Chlorophyll, a vital pigment molecule
located in plant chloroplasts, plays a significant role in the process of photosynthesis.
Previous research has elucidated the role of H2S in spinach photosynthesis, showing that
application of NaHS led to increased chlorophyll and soluble protein content, as well as
enhanced matrix sheet accumulation and seedling growth [49]. Furthermore, the impact
of drought stress on photosynthesis was evident in alterations to photosynthetic electron
transport capacity and energy distribution.

Drought-induced stress has been shown to result in a notable reduction in plant leaf
area, impairing plant photosynthesis [50,51]. Research has demonstrated that treatment
with H2S can enhance the Fv/Fm in plants experiencing drought stress [52]. By this finding,
the foliar administration of NaHS on desiccated foxtail millet foliage results in an increased
Fv/Fm, thereby facilitating the utilization of absorbed light energy by PSII in photochemical
reactions rather than dissipating it as heat (Figure 3). Carbohydrates, such as sucrose and
starch, serve as crucial components for cell growth by acting as structural materials and
energy reservoirs in plants [53,54]. The sugar and starch content serve as the standard
for assessing carbon assimilation and accumulation. In the absence of drought stress, the
application of NaHS has been shown to notably elevate sucrose levels in the leaves of
plants [55]. The findings in this study indicate that foxtail millet leaves treated with NaHS
exhibited heightened AGPase and SPS activity, starch and sucrose content compared to the
control group (Figures 4 and 5). In conclusion, exogenous NaHS can improve the carbon
assimilation of foxtail millet by adding the accumulation of photosynthetic products in
their leaves under drought stress.

The growth and productivity of plants are significantly influenced by the process of
nitrogen metabolism. Water deficiency can decrease enzyme activity involved in nitrogen
assimilation, leading to a reduction in nitrogen-containing compounds and impairing ni-
trogen metabolism. NR activity serves as an indicator of plants’ nitrogen use efficiency [56].
Research has demonstrated that H2S has the potential to enhance NR activity in plants
experiencing abiotic stress [57]. In line with these findings, the application of NaHS exter-
nally has been shown to significantly elevate NR activity in foxtail millet leaves subjected
to drought stress (Figure 6). Plants treated with NaHS exhibited elevated NR activity,
yet no discernible disparity in NH4

+ levels relative to untreated plants (Figure 7). This
discrepancy may be attributed to the compensatory mechanism employed by untreated
plants in response to nitrogen assimilation inhibition induced by drought stress, wherein
GDH activity is heightened. This phenomenon has been previously documented in various
plant species, including Arabidopsis thaliana under nitrogen deficiency [58] and soybeans
under drought stress conditions [59]. The augmentation of ketoglutarate levels facilitated
by increased GDH activity enables plants to sustain the tricarboxylic acid cycle and amino
acid biosynthesis amidst drought stress [60,61]. Soluble proteins, which are the primary
products of plant nitrogen metabolism, are produced through the biosynthesis of amino
acids [62]. In response to stressors, plants frequently bolster cell integrity by augmenting
the production of osmotic regulatory compounds and modulating osmotic pressure to
withstand unfavorable conditions [63–65]. Research indicates that plants enhance protein
content to cope with the drought stress conditions, leading to elevated levels of free amino
acids [66,67]. Additionally, investigations have demonstrated that treatment with H2S no-
tably enhances leaf protein content under conditions of drought stress [68]. In this study, the
content of soluble protein in the leaves of drought-affected foxtail millet plants treated with
NaHS was further increased, and the content of free amino acids was also lower, compared
with drought-affected foxtail millet plants not treated with NaHS. Application of exogenous
NaHS has a beneficial effect on sustaining metabolic processes and enhancing growth in
foxtail millet seedlings under drought-stress conditions. Consequently, NaHS treatment is
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shown to positively influence carbon and nitrogen metabolism in drought-stressed foxtail
millet plants.

The regulation of carbon and nitrogen metabolism is influenced by genetic factors
and environmental conditions [69,70]. In this study, it was observed that drought stress
led to a down-regulation of Rubisco, SPS, AGPase, GBSS, SS, and NR genes associated
with carbon and nitrogen metabolism in dry foxtail millet leaves compared to the control
group. Conversely, the transcription levels of these genes in foxtail millet leaves treated
with NaHS were higher than those in plants subjected to drought stress (Figure 8). NaHS
treatment was found to enhance the up-regulation of the GR gene in foxtail millet, thereby
mitigating oxidative damage induced by heavy metal Cr stress [71]. In the presence of
nitrogen deficiency, the up-regulation of Rubisco gene expression and enhanced nitrogen
storage within Rubisco protein were observed in soybean leaves and roots in response
to H2S treatment [59]. Drought stress destroyed the equilibrium of carbon and nitrogen
metabolism in crops [15,57]. The increased carbon assimilation observed in NaHS-treated
plants was found to be strongly correlated with elevated NO3

− content and NR activity.
Furthermore, under conditions of drought stress, plants treated with NaHS demonstrated
the ability to sustain a consistent pattern of carbon and nitrogen metabolism, thereby
confirming the principle of coordinated regulation of carbon and nitrogen metabolism.
All these findings suggest that H2S enhances the drought resistance of foxtail millet by
regulating carbon and nitrogen metabolism (Figure 9).
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Red and green indicate that the enzyme activities were increased or decreased by NaHS. Rubisco:
Ribulose-1,5-bisphosphate carboxylase; AGP: ADP-glucose pyrophosphorylase; INV: invertase; SPS:
sucrose-phosphate synthase; NR: Nitrate reductase; GOGAT: glutamic acid synthase activity; GS:
glutamine synthetase; GDH: glutamic acid dehydrogenase activity.

5. Conclusions

Exogenous H2S improved drought tolerance in foxtail millet by modulating carbon
and nitrogen metabolism. Specifically, plants treated with NaHS exhibit reduced growth in-
hibition and decreased photosynthetic capacity under drought stress conditions, attributed
to the maintenance of higher growth characteristics, photosynthetic enzyme activity, and
energy conversion efficiency. Furthermore, exogenous H2S treatment has been shown
to increase carbohydrate metabolism, ADPGase activity, NO3

− content, NR activity, and
protein content in foxtail millet subjected to drought stress. In summary, this research
elucidated the physiological mechanism by which H2S mitigates drought-induced stress in
foxtail millet through the maintenance of carbon and nitrogen metabolism homeostasis.
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