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A B S T R A C T   

Severe environmental conditions inhibit plant growth, which is rapidly restored when conditions improve. 
However, the mechanisms underlying re-watering to relieve Na+ toxicity and promote growth in proso millet are 
unclear. Herein, comparative phenotypic, physiological, phytohormone and multi-omics analyses between salt- 
sensitive (SSR) and salt-tolerant (STIM) proso millet cultivars were performed under salt stress and subsequent 
re-watering. Phenotypic and physiological analyses suggested that the accumulation of biomass and growth rate 
of STIM were not only higher after stress recovery than SSR but also higher than its control condition (STIM_CK), 
showing a compensation effect. A microstructural analysis indicated that STIM maintained a better surface 
structure, internal structure, and chloroplasts after stress recovery compared with its reactions under salt stress. 
A phytohormone analysis showed that the jasmonic acid (JA) and jasmyl-L-isoleucine (JA-Ile) contents specif-
ically and significantly increased in STIM under salt stress and recovered with re-watering. Transcriptome 
analysis suggested that 3160 differentially expressed genes (DEGs) (1671 DEGs were downregulated, and 1589 
DEGs were upregulated) and 1319 DEGs (565 DEGs were downregulated, and 751 DEGs were upregulated) were 
specifically identified in STIM under salt stress and re-watering, respectively, whereas 6184 DEGs (2666 DEGs 
were downregulated, and 3518 DEGs were upregulated) and 2721 DEGs (1175 DEGs were downregulated, and 
1546 DEGs were upregulated) were detected in SSR. Proteomes analyses showed that up to 38.28% and 44.68% 
of proteins were individually expressed specifically at the protein level in SSR under salt stress and subsequent re- 
watering, respectively, and 43.56% and 39.31% in STIM, respectively, indicating the involvement of post-
transcriptional regulation under salt stress and subsequent re-watering. Subsequently, the functions of commonly 
regulated DEGs and differentially expressed proteins (DEPs) were analyzed, which were significantly enriched in 
photosynthesis and porphyrin and chlorophyll metabolism pathways. Therefore, this study provides guidelines 
for phytoremediation and utilization of saline soils, and cleaner crop production.   

1. Introduction 

Long-term climate change and periodic environmental extremes 
threaten the global crop yield and food security and impede the sus-
tainable development of modern agriculture (Cappelli et al., 2015; 
Gupta et al., 2020). These challenges are exacerbated by soil salinization 
caused by natural or human activities, leading to more serious land 
degradation (Metternicht and Zinck, 2003; Shi et al., 2009; Zhang et al., 
2021). Once salinized agricultural lands become established, is difficult 
to manage them, and the land is often abandoned (Cuevas et al., 2019). 

Thus, it is critical to practice a sustainable strategy to manage and utilize 
salinized soil. Salt-tolerance plant cultivation is highly appropriate for 
salt-affected soil usage owing to both economic benefits and soil 
amelioration effects (Han et al., 2015; Lu et al., 2021). However, most 
plants are salt-sensitive and cannot complete a life cycle under high salt 
concentrations (Flowers et al., 2015; Zelm et al., 2020). Proso millet 
(Panicum miliaceum L.) is widely cultivated as a traditional crop in arid 
and semi-arid regions around the world (Habiyaremye et al., 2017). This 
crop possesses unique features for resilience to adverse environments, 
particularly under infertile soil conditions (Dawson et al., 2019). In 
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addition, the C4 photosynthesis, short life cycle, and salt tolerance of 
proso millet make it a very promising model crop to study salt stress 
responses (Zou et al., 2019; Yuan et al., 2021). Moreover, it is considered 
to have the highest water-use efficiency, thus, supporting more 
water-efficient agriculture (Zou et al., 2019). Therefore, it is necessary 
to comprehensively reveal the mechanism for the salt tolerance of proso 
millet to ensure the safety of energy and food crops and enable sus-
tainable agricultural development. 

As sessile organisms, plants must adjust their growth and develop-
ment to withstand environmental stresses, such as salt and drought (Zhu 
et al., 2016; Yang and Guo, 2018). However, when conditions improve, 
such as following rainfall or irrigation, plants switch to a rapid 
compensatory growth recovery phase from the salt stress response phase 
(Li et al., 2020a). Therefore, plants are frequently subjected to cycles of 
stress and re-watering. Plants facing stress adjust their growth to with-
stand the adverse growth conditions (Yang and Guo, 2018). For 
instance, growth inhibition, which as an effective adaptive strategy to 
maximize survival (Zhang et al., 2020). However, plants exhibit 
different degrees of growth and changes (from morphological and 
physiological change to the regulation of gene expression) after stress 
relief through re-watering or dilution (Javed et al., 2018; Jia et al., 2020; 
Li et al., 2020b; Tan et al., 2020). Notably, resilience primarily depends 
on the degree and duration of the previous stress and the species (Xu 
et al., 2010). Furthermore, most plants can completely recover under 
moderate stress, while only a few can completely recover under severe 
stress (Xu et al., 2010; Wang et al., 2020). However, most of the research 
on re-watering has focused on revealing the mechanism of re-watering 
after drought stress (Gao et al., 2015; Jia et al., 2020; Erdal et al., 
2021; Yu et al., 2021). Moreover, although re-watering can promote 
plant growth by relieving Na+ toxicity, which compensates for the prior 
loss to a certain degree (Javed et al., 2018), only a few studies have 
reported on the molecular mechanism of re-watering after stress 
compared with the physiological response studies (Xu and Wu, 2013; 
Azeem et al., 2017; Li et al., 2020a). Therefore, there is an urgent need 
for a specific study of the molecular basis of this post-recovery growth 
and physiological traits. An integrated analysis of transcriptomic and 
proteomic changes can provide a comprehensive overview of the un-
derlying mechanisms of resistance to salt stress and subsequent miti-
gation by re-watering. To our knowledge, few studies has reported 
research on transcriptomic and proteomic evidence, particularly that 
associated with proso millet grown under salt stress and subsequent 
re-watering. 

In this study, two proso millet cultivars with contrasting salt toler-
ance attributes, SSR (salt-sensitive) and STIM (salt-tolerant), were 
selected to assess their comparative phenotypes, physiological charac-
teristics, microstructure, and multi-omics (transcriptomic and proteo-
mic) under salt stress and subsequent re-watering. The aims of the study 
were (1) to identify how re-watering regulates the growth and 
compensation effect of proso millet; (2) to investigate the response of 
microstructures to re-watering using field-emission scanning electron 
microscopy, paraffin sections, and transmission electron microscopy; 
and (3) to reveal the molecular basis of salt stress and subsequent re- 
watering mechanisms in proso millet by an integrated analysis of the 
transcriptome and proteome. Accordingly, cultivating crops in salt- 
stressed environment with re-watering alleviation is a good trial for 
cleaner crop production in terms of saving water resource, utilizing sa-
line soils, and alleviating the potential risks. The findings of this work 
will provide useful information on the phytoremediation and utilization 
of saline soils, and cleaner crop production. 

2. Materials and methods 

2.1. Plant material and growth conditions 

Two proso millet cultivars, SSR (salt-sensitive) and STIM (salt- 
tolerant), were obtained from the College of Agronomy, Northwest A&F 

University, Yangling, China. Experiments were conducted in an 
environmentally-controlled greenhouse (temperature: 28/18 ◦C day- 
night; relative humidity: 60%; and 14 h photoperiod). Uniform and 
healthy seeds of SSR and STIM were surface-sterilized using 0.1% HgCl2 
for 5 min, washed three times with sterile water, and subsequently 
germinated. The seedlings were transferred to a hydroponic system one 
week after germinating and then grown in ½ Hoagland’s nutrient solu-
tion. After two weeks, the seedlings were treated with ½ Hoagland’s 
nutrient solution containing 0 mM (control, CK) and 170 mM NaCl (ST) 
for a week. The roots were then rinsed in distilled water, and the seed-
lings were-planted in ½ Hoagland’s nutrient solution for a week (re- 
watering, RW). Plants were harvested and analyzed at the end of the 
salinity (salt stress) and release phase (re-watering). The hydroponic 
solution was controlled by monitoring the pH and electrical conductivity 
(EC). The culture solutions were changed every 2 d throughout the 
growth period. 

2.2. Plant growth 

Shoot and root biomass accumulation (g fresh weight) were deter-
mined after harvesting by weighing individual plants. The mean growth 
rate (MGR) (g d− 1) was estimated using the equation: [(FW2–FW1)/(t2- 
t1)], where FW2 and FW1 are fresh weights, and t2 and t1 are the end and 
the start of the time, respectively. 

2.3. Water content 

The roots and the third completely developed leaves of each plant 
were harvested from the control, salt stress-treated (7 d), and re- 
watering-treated plants (7 d) to determine the content of water. The 
tissues were then dried at 60 ◦C for 72 h. The water content (g DW− 1) 
was calculated as follows: [(FW-DW)/DW], where FW and DW are the 
fresh and dry weights, respectively. 

2.4. Histochemistry and ion leakage 

Fully expanded third leaves (the third knob) of each plant were 
harvested from the control, salt stress-treated (7 d), and re-watering- 
treated plants (7 d) for histochemistry. The dead cells were stained 
with Trypan blue staining as described by Qiao et al. (2010). Moreover, 
the relative electrolyte leakage (EL) was evaluated as described by Su 
et al. (2015) to quantify cell death. 

2.5. Microscopy 

Leaflets from the third fully-expanded leaf of SSR and STIM were 
harvested from the control, salt stress-treated (7 d), and re-watering- 
treated (7 d) plants for microscopy. The leaves were cut, prepared as 
described by Pan et al. (2012), and dried in a critical-point drying ma-
chine (Emitech K850; Quorum, UK). The surface structure was observed 
using an S-4800 field-emission scanning electron microscope (Hitachi, 
Ltd., Tokyo, Japan) after metal spraying. Paraffin sections of the leaves 
were prepared as described by Qi et al. (2014) to examine the leaf cell 
structure. Briefly, leaves were cut and subjected to the experimental 
process, including dehydration, dip waxing, embedding, slicing, and 
safranin O-fast green staining. An epifluorescence microscope (Carl 
Zeiss, Ober-Kochen, Germany) was used to visualize and image the 
changes in leaf structure. The leaves were prepared for transmission 
electron microscopy (TEM) as described by Meng et al. (2014). 

2.6. Quantitative analysis of hormones via LC-MS/MS 

2.6.1. Hormone extraction 
Twenty-four plant hormones were assayed as described by Zhang 

et al. (2016). These included auxin (methyl 3-indolyl acetate [ME-IAA]; 
N6-isopentenyl adenosine [IPA]; indole-3-acetic acid [IAA]; 
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3-Indolebutyric acid [IBA]; indole-3-carboxaldehyde [ICA]), cytokinins 
(N6-Isopentenyladenine [IP]; trans-Zeatin [tZ]; cis-Zeatin [cZ]; dihy-
drozeatin [DZ]; tZR, trans-Zeatin-riboside [tZR]), jasmonic acid (jas-
monic acid [JA]; dihydrojasmonic acid [H2-JA]; methyl jasmonate 
[Me-JA]; jasmonoyl-L-isoleucine [JA-Ile]), salicylic acid [SA]; methyl 
salicylate [Me-SA]), abscisic acid (ABA), 1-aminocyclopropanecarbox-
ylic acid (ACC), gibberellin (GA1, gibberellin A1 [GA1]; GA3, gibber-
ellin A3 [GA3]; GA4, gibberellin A4 [GA4]; GA7, gibberellin A7 [GA7]), 
and brassinolide (BL). The leaf surfaces were cleaned using phosphate 
buffer saline (PBS, pH 7) and ground into powder by freeze-drying. A 
total of 25 mg of each sample was transferred to an Eppendorf tube. A 
volume of 1000 μL of extract solution (50% acetonitrile in water, pre-
cooled at − 40 ◦C, containing isotopically-labeled internal standard 
mixture) was added to the samples, vortexed for 30 s, sonicated in an 
ice-water bath for 5 min, and homogenized at 40 Hz for 4 min. The 
homogenization and sonication were repeated twice. The samples were 
centrifuged at 4 ◦C for 10 min at 12000 rpm) to obtain the supernatant. 
An aliquot (800 μL) of the supernatant was purified by solid-phase 
extraction (SPE). The SPE cartridges were washed using 1 mL of meth-
anol and equilibrated with 1 mL 50% ACN/H2O (v/v). The samples 
(supernatant obtained as described above) were loaded, and then the 
flow-through fraction was discarded. The cartridge was then rinsed 
using 1 mL of 60% ACN/H2O (v/v). The samples were then evaporated 
to dryness under a gentle stream of nitrogen and reconstituted in 100 μL 
of 10% ACN/H2O (v/v). All the samples were vortexed for 30 s, soni-
cated in an ice-water bath for 5 min and then centrifuged at 4 ◦C for 15 
min at 12,000 rpm). The clear supernatant was then subjected to 
ultra-high-performance liquid chromatography-tandem mass spec-
trometry (UHPLC-MS/MS). 

2.6.2. UHPLC-MS/MS analysis 
An EXIONLC System (Sciex) with a Waters ACQUITY UPLC CSH C18 

column (150 × 2.1 mm, 1.7 μm, Waters, Milford, MA, USA) was used for 
UHPLC analysis. The mobile phase, A, contained 0.01% formic acid in 
water, while the mobile phase, B, had 0.01% formic acid in acetonitrile. 
The column and auto-sampler temperatures were 50 ◦C and 4 ◦C, 
respectively, and the injection volume was 5 μL. A SCIEX 6500 QTRAP+

triple quadrupole mass spectrometer (Sciex) with an IonDrive Turbo V 
electrospray ionization (ESI) interface was used for assay development. 
Typical ion source parameters were: Curtain Gas. 40 psi; Ion Spray 
Voltage, ±4500 V; temperature, 475 ◦C; Ion Source Gas 1, 30 psi; and 
Ion Source Gas 2, 30 psi. The MRM parameters for each of the targeted 
analytes were optimized using flow injection analysis. The standard 
solutions of the individual analytes were injected into the API source of 
the mass spectrometer. Several most sensitive transitions were used in 
the multiple reaction monitoring (MRM) scan mode to optimize the 
collision energy for each Q1/Q3 pair. SCIEX Analyst Work Station 
Software (Version 1.6.3) and Sciex MultiQuant™ 3.0.3 were used for the 
quantitative analysis. The concentration of plant hormones was deter-
mined as described by Simura et al. (2018) as follows: 

CM[nmol/kg] =
CC[nmol/L] × DiL × V[μL]

m[mg]

Where CM represents the metabolite concentration; CC represents the 
concentration directly measured by the instrument; DiL represents 
dilution factor, while V represents the final volume. 

2.7. Transcriptome sequencing analysis 

Allwegene (https://www. allwegene.com/) was used for RNA 
extraction, cDNA library construction, high-throughput sequencing, raw 
data processing, and bioinformatics analysis. Briefly, 3 μg of RNA was 
used for library generation via the NEBNext® Ultra™ RNA Library Prep 
Kit for Illumina® (#E7530L, NEB, Ipswich, MA, USA). All 18 tran-
scriptome libraries (control group, salt treatment group, and re-watering 

group) were sequenced on an Illumina HiSeq™ 4000 platform (Illumina, 
San Diego, CA, USA) to generate 150 bp paired-end reads. TopHat 
(v2.1.1) (Trapnell et al., 2012) was used to align the reads to the genome 
of Panicum miliaceum L., then assembled using Cufflinks (v2.2.1) 
(Trapnell et al., 2012). Differentially expressed genes (DEGs) were 
assessed using Cuffdiff (Trapnell et al., 2012), identified via DESeq 
(Anders and Huber, 2010) with the false discovery rate (FDR) < 0.05 
and log2 |fold-change| > 1. The DEGs were then used for the enrichment 
analyses of Gene Ontology (GO) (http://bioinfo.cau.edu.cn/agriGO/) 
and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway (htt 
ps://www. kegg.jp/kegg/pathway.htmL). A corrected P-value <0.05 
was set as the significance threshold (Mao et al., 2005; Young et al., 
2010). 

2.8. Protein extraction and digestion 

2.8.1. Sample preparation for mass spectrometry 
Treated leaf tissues were immediately frozen in liquid nitrogen. The 

proteins were extracted as described by Wang et al. (2017). The samples 
were ground to a powder in liquid nitrogen and dissolved in lysis solu-
tion (500 mM Tris-HCl buffer, 50 mM ethylenediaminetetraacetic acid, 
700 mM sucrose, 100 mM KCl, 2% β-mercaptoethanol, 1 mM phenyl-
methylsulfonyl fluoride, and 1% v/v trypsin) for 10 min. A water 
bath-type sonicator (Bioruptor UCD-200; SONIC BIO Co., Kanagawa, 
Japan) was used to mix the samples in Tris-saturated phenol as follows: 
10 min in 30 s on/30 s off cycles, followed by centrifugation at 4 ◦C for 
10 min at 5500 g. The supernatant was extracted in cold acetone, 
precipitated at − 20 ◦C overnight, then centrifuged at 4 ◦C for 10 min at 
5500 g, and the supernatant was discarded. The precipitate was dis-
solved in 4% sodium dodecyl sulfate (SDS). A BCA Protein Assay Kit 
(Beijing Solarbio Science & Technology, Beijing, China) was used to 
measure protein concentration following the manufacturer’s in-
structions. SDS-PAGE was then used to check for contamination and 
degradation in the proteins. 

The proteins were digested using the FASP method (Wisniewski 
et al., 2009). Sample proteins (100 μg each) were diluted by adding 8 
mM urea to 200 μL. Sample proteins were then added to 10 mM 
dithiothreitol at 56 ◦C for 30 min and subjected to alkylation with 30 
mM iodoacetamide at room temperature in the dark for 40 min. The 
solution was then transferred to a 10 K ultrafiltration tube, and then 
centrifuged at 12,000 g at room temperature to remove the filtrate. A 
volume of 400 μL of 8 M urea was then added to the filter unit and 
centrifuged at 12000 g for 15 min. The procedure was conducted in 
triplicate. A volume of 200 μL of 50 mM NH4HCO3 was also added to the 
filter unit and centrifuged at 12,000 g for 10 min (three times). Finally, 
trypsin (Promega, Madison, WI, USA) was added at a 50:1 (protein: 
trypsin mass ratio) for digestion at 37 ◦C for 16 h. The filtrate was 
collected after centrifugation (12,000 g, 4 ◦C, for 10 min). The sediment 
was then freeze-dried for LC-MS/MS analysis. The cells were lysed in 
SDC buffer, followed by sonication, protein quantification, reduction, 
alkylation, and desalting using SDB-RPS StageTips (described above) to 
generate the spectral library for data-independent acquisition (DIA) 
measurements. High pH reversed-phase chromatography was used to 
fraction 8 μg and 30 μg of the peptides into eight and 24 fractions, 
respectively, as described by Kulak et al. (2017). The fractions were 
automatically concatenated by shifting the collection tube during the 
gradient, dried in a vacuum centrifuge, and resuspended in buffer A* 
(0.2% TFA/2% ACN). 

2.8.2. LC-MS/MS measurements 
The peptides were directly injected into a home-packed column (150 

m × 15 cm, ReproSil-Pur C18-AQ, 1.9 μm, Dr. Maisch GmbH, Ammer-
buch, Germany) with an integrated spray-tip. The proteins were then 
separated using a 180 min gradient of solvents A (0.1% [v/v] formic acid 
[FA] in water) and B (0.1% [v/v] formic acid [FA] in 80% acetonitrile 
[ACN]) (from 5 to 13% B in 13 min, from 13 to 30% B in 145 min, from 
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30 to 45% B in 15 min, from 45 to 95% B in 1 min, and held at 95% B for 
6 min) at 600 nL/min. The mass spectrometer was operated at the Top10 
data-dependent mode (DDA) with a full scan range of 300 to 1650 m/z 
at a resolution of 60,000 with automatic gain control (AGC) target of 3e6 
and a maximum fill time of 20 ms. Precursor ions were isolated with a 
width of 1.4 m/z and fragmented via higher-energy collisional dissoci-
ation (HCD) (normalized collision energy [NCE] 27%). The fragments 
were scanned at a resolution of 15,000, an AGC of 1e5, and a maximum 
injection time of 60 ms. Dynamic exclusion was enabled and set to 30 s. 
A full MS resolution was set at 120,000 with a full scan range of 300 to 
1650 m/z, a maximum fill time of 60 ms, and an AGC target of 3e6 for 
DIA measurements. One full scan was followed by 12 windows with a 
resolution of 30,000 in profile mode. A stepped HCD (NCE 25.5, 27, and 
30%) was used to fragment the precursor ions. 

2.8.3. Mass spectrometer data and functional enrichment analysis 
The Scaffold DIA (Proteome Software, Inc., Portland, OR, USA) 

search engine was used for MS data analysis via the chromatogram li-
brary (Kawashima et al., 2019). A peptide or protein FDR <1% was set 
as the protein identification threshold. The peptides were quantified 
using the Encyclope DIA algorithm in Scaffold DIA. The false discovery 
rate (FDR) was adjusted to <0.01. The differentially expressed proteins 
(DEPs) were identified using mapDIA after 7 d of salt treatment and 
recovery by comparing the expression levels with the control (Teo et al., 
2015). Genes with a minimum of 2-fold change (|log2 (FC) |≥1) and a 
false discovery rate (FDR) of p ≤ 0.05 were identified as DEGs. The 
GOseq R package (v1.12) and KEGG Orthology Based Annotation Sys-
tem software (KOBAS, v2.0) were used to determine the DEPs in GO and 
KEGG pathways, respectively. A corrected P-value <0.05 was consid-
ered the significant cutoff value (Young et al., 2010). 

3. Results 

3.1. Re-watering relieves salt-induced growth inhibition 

Salt stress significantly inhibited the growth of the two proso millet 
cultivars (Fig. 1a). In addition, visual symptoms of damage and mor-
tality were evident in the SSR leaves, unlike those in STIM. The shoot 
and root biomass of SSR under non-stressful conditions were 0.88 and 
0.07 g, respectively, and 0.89 and 0.06 g, respectively, for STIM (Fig. 1b 
and c). After seven days of salt treatment (ST), the growth of STIM was 
higher in than that of SSR (Fig. 1b and c). The shoot and root biomass of 
STIM were 0.64 and 0.04 g, respectively, and 0.33 and 0.03 g, respec-
tively, for SSR. Moreover, the shoot and root plant biomass of STIM was 
still higher than that of SSR after 7 d of salt stress recovery (RW). 
Remarkably, the shoot biomass accumulation of STIM (0.90 g) was also 
higher than that in the control (0.84 g) (Fig. 1b). In addition, the root 
biomass of SSR was similar before and after re-watering (Fig. 1b). 
Furthermore, MGRs indicated that the cultivars had different growth 
behaviors under salinity (Fig. 1d and e). Although the growth of the two 
cultivars was inhibited under salt stress, the root and shoot MGRs of 
STIM were still higher than those in SSR. The MGRs of STIM significantly 
increased (1.97-fold in the shoots and 2.11-fold in the roots) after 7 d of 
salt stress recovery (Fig. 1d and e), while SSR increased by 0.07 fold in 
shoots, and did not change significantly before and after re-watering 
(Fig. 1d). Notably, the shoot MGRs of STIM were also higher than 
those of its control condition (STIM_CK) (Fig. 1d). 

3.2. Re-watering alleviates salt-induced leaf damage 

Salt stress had different effects on the leaf water content in the two 

Fig. 1. Salt-induced phenotypic changes in SSR and STIM. (a) Proso millet seedlings hydroponically treated with 170 mM NaCl for 7 d, followed by recovery for 7 d. 
(b) Shoot biomass; (c) Root biomass; (d) Mean growth rate of the shoot (e) Mean growth rate of the root. (f) Leaf water content; (g) Electrolyte leakage. (h) Trypan 
blue staining of leaves. Different letters (a, b, c, d, g, h) indicate the significant differences (P < 0.05) between control and 170 mM NaCl. SSR, salt-sensitive cultivar; 
STIM, salt-tolerant cultivar. 
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cultivars (Fig. 1f). Although the contents of water in both SSR and STIM 
decreased under salt stress and progressively recovered with re- 
watering, STIM had higher water content. In addition, STIM recovered 
faster after re-watering than SSR (Fig. 1f). However, the opposite 
response was observed when electrolyte leakage (EL) was monitored. 
The relative EL analysis revealed that salt stress could damage the leaf 
membranes (Fig. 1g). Salt stress increased the levels of EL in SSR and 
STIM (2.78- and 1.72-fold, respectively). In contrast, re-watering 
induced low EL levels in SSR and STIM by approximately 45.20% and 
66.48%, respectively (Fig. 1g). These results indicate that salt stress 
induces cell death in plants. The dead cells were stained with trypan blue 

for further visualization (Fig. 1h). The dead cells in the seedlings, leaves 
of the plant, and the damaged parts of the cell membrane were dark 
blue, indicating salt stress. In addition, the blue area of the SSR leaves 
was significantly larger than that of STIM under salt stress conditions 
(Fig. 1h). Overall, these findings suggest that the cellular activity is 
higher in the STIM leaves than in SSR leaves. 

3.3. Re-watering alleviates salt-induced microstructure damage in leaf 

The surface morphology, cross-cutting structure, and ultrastructure 
of the leaves were characterized to examine the effect of re-watering 

Fig. 2. Effects of re-watering and salt stress on leaf surface morphologies, paraffin sections, and subcellular structure. SEM of SSR (a, b, c); SEM of STIM (d, e, f). Root 
cross-section structures of SSR (g, h, i); and STIM (j, k, l). Subcellular structure of SSR (m, n, o); and STIM (p, q, r). Control, untreated leaves; salt stress-treated leaves, 
(170 mM NaCl treatment for 7 d); Re-watering-treated leaves (7 d). Ch, chloroplasts. CW, cell wall. a-f, 4000 magnification, scale bars = 200 μm; g-l, 100 
magnification, scale bars = 200 μm; m-r, 1200 magnification, scale bars = 5 μm. SSR, salt-sensitive cultivar; STIM, salt-tolerant cultivar. 
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(Fig. 2). The SEM was significantly different in the leaf surface structures 
of the two cultivars under salt stress (Fig. 2b, e). The surface of STIM had 
obvious wax deposition, while that of SSR had apparent shrinkage from 
dehydration. However, the leaf surface of the two cultivars became 
smoother after re-watering (Fig. 2c, f). This an indication that re- 
watering maintains the integrity of the leaf surface structures by 
relieving Na+ toxicity. The transverse sections of SSR and STIM leaves 
were also compared (Fig. 2g-l). The paraffin section images showed 
distorted and disordered cells with nuclear degradation in the leaves of 
SSR with salt stress treatments (Fig. 2h). In addition, the size of the 
vascular bundles of the leaves of proso millet was reduced, and the 
mesophyll cells of Kranz anatomy in SSR were disorderly arranged. 
However, re-watering alleviated cell disintegration and protoplast rup-
tures (Fig. 2i). Furthermore, the TEM images (Fig. 2m–r) showed that 
the number of chloroplasts decreased and disintegrated in SSR with the 
salt stress treatments, while re-watering alleviated the disintegration of 
chloroplasts. However, STIM only showed a decrease in the number of 
chloroplasts and they recovered with re-watering (Fig. 2q–r). 

3.4. Re-watering alleviates Na+ toxicity by regulating the synthesis of 
plant hormone 

The LC-MS/MS absolute quantification analysis was performed on 23 
plant hormones using the isotope-labeled internal standard method. The 
13 plant hormones detected are shown in Table S1. The contents of ABA, 
IBA, ICA, GA4 and cZ significantly increased, while those of ACC, SA, 
and GA1 significantly decreased in both cultivars under salt stress 
(Fig. 3; Table S1). Alternatively, the contents of JA-Ile showed opposite 
changes between the two cultivars. Notably, the contents of JA and JA- 
Ile of STIM were specific and significantly increased in STIM under salt 
stress. In addition, the contents of ABA, ACC, JA, JA_Ile, IBA, ICA, GA4, 
and cZ decreased and recovered after re-watering in both cultivars 
compared with those control conditions, while the content of IPA 
increased and recovered. In particular, most of the hormone contents 
returned to a level similar to the control in STIM, including ABA, H2_JA, 
JA_Ile, IAA, IBA, ICA, and IPA In contrast, the contents of four of them 
(ABA, H2_JA, ICA, and IPA) were still significantly higher in SSR than in 
the control. These results indicated that STIM initiated more hormones 

in response to salt stress than SSR did and effectively recovered with re- 
watering. 

3.5. Re-watering triggers transcriptome reprogramming 

The effect of re-watering on transcriptomes was assessed by 
comparing the transcriptomes of both proso millet leaves (salt stress/re- 
watering) to comprehensively reveal the mechanism underlying the 
detoxification of Na+ toxicity. Pearson correlation coefficient (PCC) and 
principal component analysis (PCA) were conducted based on the 
average fragments per kilobase of transcript per million mapped frag-
ments (FPKM) values for all the expressed genes in at least one of the 
eight samples to assess the transcriptional response of SSR and STIM to 
salt stress and re-watering (Fig. S1). The samples that correlated more 
highly in these analyses had more similar transcriptomes. As expected, 
the transcriptomes of the two cultivars were different under stress 
compared with those in the control conditions. However, all of them 
were similar after re-watering, indicating that re-watering promotes 
recovery after salt stress (Figs. S1a–b). Moreover, the genes affected in 
the SSR and STIM sets differed significantly after re-watering (0.91 and 
0.94 correlation values for the log2 transformed data) compared with 
those in the control group (SSR_CK and STIM_CK). These results indicate 
that the transcriptomes in both proso millet cultivars have different 
responses to re-watering (Fig. S1a). Surprisingly, the overlap between 
the significantly affected transcripts (SSR_ST versus SSR_CK, STIM_ST 
versus STIM_CK) and re-watering (SSR_ST versus SSR_RW, STIM_ST 
versus STIM_RW) was low (8.20%), with only 2538 shared transcripts 
(Fig. 4a). In contrast, 6184 DEGs (3518 DEGs were upregulated, and 
2666 DEGs were downregulated) were specifically expressed in SSR_ST 
versus SSR_CK, and 3160 DEGs (1589 DEGs were upregulated, and 1671 
DEGs were downregulated) in STIM_ST versus STIM_CK, respectively. 
Alternatively, only 2721 DEG (1546 DEGs were upregulated, and 1175 
DEGs were downregulated), and 1319 DEGs (751 DEGs were upregu-
lated, and 565 DEGs were downregulated) were specifically detected in 
SSR_RW and STIM_RW against control conditions (Fig. 4a; Data S1). 
Furthermore, the genes affected in SSR and STIM differed significantly 
after re-watering (0.84 and 0.60 correlation values for the log2 trans-
formed data, respectively) compared with those in the control group 

Fig. 3. Effects of re-watering and salt stress on hormone concentrations in proso millet. ABA, abscisic acid; ACC, 1-Aminocyclopropanecarboxylic acid; SA, salicylic 
acid; JA, jasmonic acid; H2-JA, dihydro jasmonic acid; JA-Ile, jasmonoyl-L-isoleucine; IAA, indole-3-acetic acid; IBA, 3-Indolebutyric acid; ICA, indole-3- 
carboxaldehyde; IPA, N6-isopentenyl adenosine; cZ, cis-Zeatin; GA1, gibberellin A1; and GA4, gibberellin A4. SSR, salt-sensitive cultivar; STIM, salt-tolerant 
cultivar. SSR, salt-sensitive cultivar; STIM, salt-tolerant cultivar. 

Y. Yuan et al.                                                                                                                                                                                                                                    



Journal of Cleaner Production 334 (2022) 130205

7

(SSR_CK and STIM_CK). The results imply that the transcriptomes in 
both proso millet cultivars have different responses to re-watering 
(Fig. 4b). 

GO enrichment of the significantly impacted mRNA categories is 
shown in Fig. 4c. There was significant over-representation of photo-
synthesis, peptidase complex, proteasome core complex, protein modi-
fication process, endopeptidase complex/proteasome complex, clathrin- 
coated vesicle/membrane, vesicle coat/coated vesicle, and cellular 
amino acid biosynthetic process in the SSR and STIM cultivars after 
treatment with salt stress. The photosynthesis and peptidase complex is 
continuously upregulated in plants with inhibited photosynthesis under 
salt stress and then activated with re-watering. Herein, the expression 
profiles of the DEGs in the cultivars were mapped onto the available 

metabolic pathways using KEGG to investigate the metabolic pathways 
underlying the re-watering of SSR and STIM (Fig. 4d). The hypergeo-
metric tests revealed that several KEGG pathways were significantly 
altered. The upregulated genes were primarily enriched in oxidative 
phosphorylation, endocytosis photosynthesis, and arginine biosynthesis 
in both cultivars. The upregulated genes in salt stress-treated STIM were 
enriched in carbon fixation, circadian rhythm-plant, ubiquitin-mediated 
proteolysis, carbon metabolism, protein processing in the endoplasmic 
reticulum, glyoxylate and dicarboxylate metabolism, autophagy, phag-
osome, inositol phosphate metabolism, and pyruvate metabolism 
(Fig. 4d). 

Fig. 4. Salt stress and re-watering alter the transcriptome in both cultivars of proso millets. (a) A Venn diagram shows the overlap in the numbers of transcripts 
consistently up or downregulated in both proso millets versus plants treated with salt stress and re-watering. (b) A scatter plot of transcripts from leaves comparing 
the log2 FCs in the transcript levels of the two proso millets versus those treated with salt stress and re-watering. (c) Enriched GO terms (biological processes, 
molecular functions, and cellular components) in down- and upregulated genes in SSR and STIM. The color scale at the bottom represents significance (corrected P- 
value). (d) KEGG pathways in down- and upregulated genes in SSR and STIM. The color scale at the bottom represents significance (corrected P-value). FC, fold- 
change; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; SSR, salt-sensitive cultivar; STIM, salt-tolerant cultivar. 
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3.6. Re-watering alters the proso millet proteome 

A quantitative MS strategy was used to monitor the abundances of 
proteins in bulk to determine the effect of re-watering on the proso 
millet proteome. PCC and PCA of the transcriptomes showed that salt 
stress and re-watering had significant effects, impacting SSR more than 
STIM, similar to the RNA-Seq data (Figs. S1c–d). Only 26% and 17% of 
the 2734 proteins measured by DIA, using the precursor ion intensities 
of the MS2 scans for quantification, were significantly affected in SSR 
and STIM, respectively, while 19% and 7.8%, respectively, were 
significantly affected after re-watering (Data S2) (P ≤ 0.05 and fold- 
change >1.2). In addition, the overlap between the significantly 
affected proteins (SSR_ST versus SSR_CK, STIM_ST versus STIM_CK) and 

re-watering (SSR_ST versus SSR_RW, STIM_ST versus STIM_RW) was low 
(0.64%), with only nine shared proteins (Fig. 5a). Thus, the results 
indicate that salt stress and re-watering significantly affect the protein 
profiles more than the genotype. Furthermore, the affected proteins in 
SSR and STIM differed significantly after re-watering (0.72 and 0.56 
correlation values for the log2 transformed data) compared with the 
control conditions (SSR_CK, STIM_CK) (Fig. 5b). The results imply that 
the proteomes of both cultivars had a similar response to salt stress and 
subsequent re-watering but at different degrees. 

The proteome analytical results using GO are shown in Fig. 5c. The L- 
phenylalanine catabolic process, L-phenylalanine metabolic process, 
and phenylalanine ammonia-lyase activity were enriched in the SSR and 
STIM after salt stress treatments. The specific term enrichment for 

Fig. 5. Salt stress and re-watering alter the proteome in both cultivars of proso millets. (a) A venn diagram shows the overlap in the numbers of transcripts 
consistently up or down-regulated in both proso millets versus plants treated with salt and re-watering. (b) Scatter plot of proteins from the leaves that compare the 
log2 FCs in protein levels of the two proso millets versus plants treated with salt and re-watering. (c) Enriched GO terms (biological processes, molecular functions, 
and cellular components) in down- and upregulated proteins in SSR and STIM. The color scale at the bottom represents significance (corrected P-value). (d) KEGG 
pathways in down- and upregulated genes in SSR and STIM. The color scale at the bottom represents significance (corrected P-value). FC, fold-change; GO, gene 
ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; SSR, salt-sensitive cultivar; STIM, salt-tolerant cultivar. 
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SSR_ST versus SSR_CK included the response to oxidative stress, stim-
ulus, stress, and toxic substances. Notably, no term was enriched in 
SSR_RW versus SSR_CK and STIM_RW versus SSR_CK, indicating that re- 
watering substantially promotes restoration after salt stress. The KEGG 
pathways represented by all the assembled proteins were predicted to 
further determine the role of metabolic pathways in the re-watering 
process. The top 30 KEGG pathway enrichments are shown in Fig. 5d. 
The pathways enriched between SSR_ST versus SSR_CK and STIM_ST 
versus STIM_CK were only those in the biosynthesis of amino acids and 
secondary metabolites, indicating that the two cultivars have different 
pathways for salt stress response. However, phenylalanine metabolism 
and phenylpropanoid biosynthesis were significantly enriched in STIM 
after re-watering (Fig. 5d), indicating that STIM inhibits Na+ toxicity via 
the modulation of cell wall biosynthesis. 

3.7. Proteome/transcriptome comparisons identify processes affected by 
re-watering 

The full transcriptome and proteome data sets were compared (salt 
stress versus re-watering) to assess the effect of re-watering on Na+

toxicity (Fig. 6). The log2 fold changes between salt stress and the 
control of the two cultivars, and their between re-watering and control 
conditions in the transcriptome and proteome data sets were compared 
(Fig. 6a–d). A scatter plot of these relationships was then subdivided into 
sectors, and each was assessed for gene ontology terms that showed a 
significant change in gene levels only (blue and orange), in proteins only 
(dark green and magenta), and in both proteins and mRNA (positively 
correlated, green and red; negatively correlated, dark yellow and pur-
ple) (Fig. 6a–d). Remarkably, up to 38.28% and 44.68% of the DEPs 
showed significant fold-changes in SSR under salt stress and subsequent 
re-watering, respectively, and 43.56% and 39.31% in STIM, respec-
tively. However, only 23.06% and 17.69% of the DEGs and DEPs 
simultaneously changed significantly in SSR under salt stress and sub-
sequent re-watering, respectively, and 12.60% and 8.57% in STIM, 
respectively (Fig. 6a–d). These results indicate there are post-
translational level changes because the change in most proteins was 
independent. 

A total of 225 upregulated and 310 downregulated genes were 
altered at the mRNA and protein levels in SSR under salt stress (Fig. 6a; 
Data S3). The upregulated genes were enriched in nucleobase- 
containing small molecule metabolic process (GO: 0055086), organic 
acid biosynthetic process (GO: 0016053), and carboxylic acid biosyn-
thetic process (GO: 0046394). The down-regulated genes were enriched 
in the organic acid biosynthetic process (GO: 0016053), organophos-
phate metabolic process (GO: 0055086), and small-molecule biosyn-
thetic process (GO: 0044283) (Fig. 6e). All of these genes were enriched 
in nucleotide excision repair (ko03420), oxidative phosphorylation 
(ko00190), photosynthesis (ko00196), porphyrin, and chlorophyll 
metabolism (ko00860), and protein processing in the endoplasmic re-
ticulum (ko04141) (Fig. 6i). In addition, 129 upregulated and 146 
down-regulated genes were altered in STIM (Fig. 6b; Data S3). The 
upregulated genes were enriched in the cellular carbohydrate metabolic 
process (GO: 0044262), macromolecule modification (GO: 0043412), 
and lipid metabolic process (GO: 0006629). In contrast, the down- 
regulated genes were enriched in the cellular protein modification 
process (GO: 0006464), protein modification process (GO: 0036211), 
and macromolecule modification (GO: 0043412). All of these genes 
were enriched in the biosynthesis of amino acids (ko01230), carbon 
fixation in photosynthetic organisms (ko00710), protein processing in 
the endoplasmic reticulum (ko04141), porphyrin, and chlorophyll 
metabolism (ko00860). Notably, some similar functional enrichments 
were observed in both cultivars, including photosynthesis (ko00196), 
protein processing in endoplasmic reticulum (ko04141), and porphyrin 
and chlorophyll metabolism (ko00860). These results indicate that the 
pathways related to chloroplast and endoplasmic reticulum of these two 
cultivars are significantly affected under salt stress. 

Similarly, 160 upregulated and 224 down-regulated genes changed 
in SSR at the mRNA and protein levels after re-watering (Fig. 6c; Data 
S3). The upregulated genes were enriched in transport (GO: 0006810), 
organophosphate metabolic process (GO: 0019637), and macromole-
cule modification (GO: 0043412), and the down-regulated genes were 
enriched in photosynthesis, light-harvesting (GO: 0009765), photosyn-
thesis, light reaction (GO: 0019684), and photosynthesis (GO: 
0015979). In addition, all of these genes were enriched in RNA transport 
(ko03013), Oxidative phosphorylation (ko00190), photosynthesis 
(ko00196), and protein processing in the endoplasmic reticulum 
(ko04141). Also, 61 upregulated and 113 down-regulated genes were 
altered in STIM after re-watering (Fig. 6d; Data S3), indicating that re- 
watering had restored DEGs and DEPs. In addition, the upregulated 
genes were enriched in mitochondrial part (GO: 0044429), translation 
elongation factor activity (GO: 0003746), and peptidase activity (GO: 
0070011), while the downregulated genes were enriched in photosyn-
thesis (GO: 0015979), nucleobase-containing small molecule metabolic 
process (GO: 0055086), and small molecule biosynthetic process (GO: 
0044283). All the genes were enriched in carbon metabolism 
(ko01200), RNA transport (ko03013), porphyrin and chlorophyll 
metabolism (ko00860), and photosynthesis (ko00196). Notably, similar 
functional enrichments were observed in both cultivars, such as photo-
synthesis, protein processing in the endoplasmic reticulum, and 
biosynthesis of amino acids, indicating that both cultivars were severely 
affected under salt stress. 

Furthermore, this study focused on the genes/proteins that only 
changed at the transcriptomic and proteomic levels in specific pathways 
to determine how rehydration relieves salt stress. These included path-
ways related to porphyrin and chlorophyll metabolism, photosynthesis, 
carbon fixation in photosynthetic organisms, and protein processing in 
the endoplasmic reticulum. Porphyrin and chlorophyll metabolism were 
significantly affected (Fig. 7). The porphobilinogen synthase and 
magnesium-protoporphyrin IX monomethyl ester cyclase were also 
significantly downregulated in both cultivars compared with the con-
trols. Notably, the pheophorbide an oxygenase was overexpressed, 
particularly in SSR. Moreover, the chlorophyll a synthase was dispro-
portionately inhibited. Collectively, these findings suggest that salt 
stress inhibits the synthesis of chlorophyll a and b while promoting its 
decomposition, thereby significantly inhibiting photosynthesis. The 
genes that encode proteins related to the light-harvesting complex and 
subunits of PSII (10 kDa polypeptide) were also substantially down-
regulated (Fig. 7). Similarly, various genes that encode proteins related 
to the photosystem and electron transport system, plastocyanin (PC), 
ferredoxin (Fd), and ferredoxin-NADP+ reductase (FNR), were sub-
stantially downregulated. The genes that encode enzymes (carbonic 
anhydrase [CA], phosphoenolpyruvate carboxylase [PEPC], pyruvate/ 
orthophosphate dikinase [PPDK], aspartate aminotransferase [AspAT]) 
related to C fixation were also induced. Salt stress can also cause protein 
misfolding or the accumulation of unfolded proteins (Fig. 7). Salt stress 
downregulated the gene (CNX) that encodes chaperones and other 
proteins important for enhancing the ability of proteins to fold. Salt 
stress also inhibited ER-associated degradation (ERAD) and protein 
translation suppression and enhanced the number of synthesized pro-
teins loaded to ER via the PKR-like ER eIF2 kinase. The gene CNX was 
significantly upregulated after re-watering (Fig. 7). However, the pro-
tein disulfide-isomerase (PDIs) and eukaryotic translation initiation 
factor 2 subunit alpha (eIF2) were significantly inhibited. 

4. Discussion 

4.1. Re-watering relieves salt-induced leaf chlorosis and growth inhibition 

Re-watering can recover growth characteristics in salt-stressed plants 
(Javed et al., 2018). This study indicated that re-watering relieved the 
symptoms of Na+ toxicity and promoted growth in both cultivars. 
However, since plant resilience depends not only on the degree and 
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duration of previous stress but also on the cultivars (Xu et al., 2010). 
Thus, both cultivars exhibited different degrees of growth after stress 
relief through re-watering. Moreover, only a few cultivars can 
completely recover under severe stress (Xu et al., 2010; Wang et al., 
2020). In this study, the salt-sensitive proso millet cultivar (SSR) was 
only increased by 0.07-fold in the shoots and did not significantly 
change in the root before and after re-watering. In contrast, salt-tolerant 
proso millet cultivar (STIM) showed compensatory growth (Fig. 1d and 
e). Previous studies have also reported a similar compensation 

mechanism for re-watering after drought (Vander et al., 2016; Niu et al., 
2018). Moreover, in this study, re-watering also promoted the restora-
tion of the regular cell membrane, reduced the leakage of electrolytes 
and the blue spots on the leaves similar to the findings of previous 
studies (Su et al., 2015). Furthermore, the leaf surface became smooth 
after re-watering. Re-watering also increased the numbers of paren-
chyma cells and chloroplasts (Fig. 2), which may be owing to the relief of 
Na+ toxicity relief. 

Fig. 6. Changes in mRNA and protein abundance in proso millet after re-watering. (a) A scatterplot showing the relationship between the changes in protein and 
mRNA abundances for 2320 proteins in SSR_ST versus SSR_CK. (b) A scatterplot showing the relationship between changes in protein and mRNA abundances for 2183 
proteins in STIM_ST versus STIM_CK. (c) A scatterplot that shows the relationship between changes in protein and mRNA abundances for 2171 proteins in SSR_RW 
versus SSR_CK. (d) A scatterplot that shows the relationship between changes in protein and mRNA abundances for 2030 proteins in STIM_RW versus STIM_CK. A 
scatterplot that shows the relationship between changes in protein and mRNA abundances was drawn by plotting the log2 FC (mRNA abundance) versus the log2 FC 
(protein abundance). The colored sectors indicate regions that contain proteins and mRNAs whose abundances were altered two-fold: dark yellow and purple indicate 
that proteins and their corresponding mRNA negatively correlated; green and red indicate that proteins and their corresponding mRNA positively correlated; blue 
and orange show that mRNAs (but not corresponding proteins) that are more abundant; dark green and magenta indicate proteins (but not corresponding mRNAs) 
that are more abundant; yellow shows the co-expression of mRNAs and proteins that are not differentially expressed. (e) GO term in SSR_ST versus SSR_CK. (f) GO 
term in STIM_ST versus STIM_CK. (g) GO term in SSR_RW versus SSR_CK. (h) GO term in STIM_RW versus STIM_CK. (i) KEGG pathways in SSR_ST versus SSR_CK. (j) 
KEGG pathways in STIM_ST versus STIM_CK. (k) KEGG in SSR_RW versus SSR_CK. (l) KEGG pathways in STIM_RW versus STIM_CK. The first lap indicates the top 20 
GO terms and the number of genes corresponding to the outer lap. The second lap indicates the number of the genes in the genome background and P-values for the 
enrichment of the upregulated and downregulated genes for the specified biological process. The third lap indicates the ratio of the upregulated genes (deep purple) 
to downregulated genes (light purple). The fourth lap indicates the enrichment factor of each GO term or KEGG pathway. GO, gene ontology. KEGG, Kyoto ency-
clopedia of genes and genomes. FC, fold-change; SSR, salt-sensitive cultivar; STIM, salt-tolerant cultivar. 

Fig. 7. Changes in porphyrin and chlorophyll metabolism, photosynthesis, and protein processing in endoplasmic reticulum after re-watering. The color block 
represents the value of log2FC (ST/CK or RW/CK). Pink and red indicate upregulated genes and proteins, respectively. Blue and green indicate upregulated genes and 
proteins, respectively. CA, carbonic anhydrase; PEPC, phosphoenolpyruvate carboxylase; PPDK, pyruvate/orthophosphate dikinase; AspAT, aspartate aminotrans-
ferase; CNX, calnexin; Sec12, SEC12-like protein 1. DVR, divinyl reductase; PDIs, protein disulfide isomerase-like 1–5; HemB, delta-aminolevulinic acid dehydratase. 
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4.2. Re-watering relieves salt damage by regulating plant hormones 

Numerous studies have shown that plant hormones play several 
biological roles in plants at different stages, in different tissues, or under 
different environmental conditions (Yu et al., 2020). In this study, the 
content of multiple hormones differed significantly after re-watering 
after salt stress (Fig. 3). For instance, endogenous ABA levels rapidly 
increased (Fig. 3) and activated sucrose non-fermenting 1-related pro-
tein kinases (SnRK2s). In contrast, the levels of endogenous SA and cZ 
decreased in both cultivars (Fig. 3). Similar to previous studies, the 
overexpression of AtNPR1 in rice was shown to accumulate very high 
levels of endogenous SA, enhancing sensitivity to salt and drought 
stresses (Silva et al., 2018). In addition, the levels of GA1 were signifi-
cantly decreased compared with those of the control (Fig. 3). Notably, 
the changes in the hormone content in the two cultivars differed (Fig. 3). 
Salt stress significantly increased the contents of IAA, ICA, IPA levels in 
SSR, while it did not affect those in STIM (Fig. 3). Moreover, salt stress 
downregulated the expression of the auxin receptor-encoding genes 
TIR1 and AFB2 in STIM. Similarly, this decrease has been observed in 
Arabidopsis thaliana (Iglesias et al., 2014), indicating that both reduced 
auxin accumulation and downregulated expression of auxin receptors 
regulate the adaptation of plant growth. 

4.3. Re-watering relieves Na+ toxicity by inhibiting the degradation of 
chlorophyll and promoting photosynthesis 

Typically, symptoms of the effect of K+ and Na+ imbalance are first 
visible in plant leaves. Herein, the effects of salt stress, including yel-
lowing in leaves and curling in young leaflets, occurred (Albaladejo 
et al., 2017). Leaf chlorosis can promote the degradation of chlorophyll 
via salt stress (Santos, 2004). In this study, salt stress accelerated leaf 
yellowing (Fig. 1a). Moreover, the pheophorbide an oxygenase was 
overexpressed, particularly in SSR (Fig. 7). The leaf surface structure, 
internal structure, and chloroplast structure in STIM gradually attained 
normal morphology after re-watering (Fig. 2). These findings suggest 
that maintaining chloroplast structural integrity is essential for photo-
synthesis since they convert light energy into chemical energy (Stae-
helin, 2003). The chlorophyll (Chl) content also affects the assembly of 
photosynthetic reactions and chloroplast development (Hoober et al., 
2007). In this study, re-watering reactivated the substantially down-
regulated genes that encoded proteins related to the light-harvesting 
complex and subunits of PSII. Various genes that encode proteins 
related to the photosystem and electron transport system, PC, Fd, and 
FNR, were also downregulated after re-watering (Fig. 7). In addition, the 
genes that encode proteins related to carbon fixation were reactivated, 
promoting the accumulation of biomass (Fig. 7), indicating that 
re-watering relieves salt damage by restoring higher photosynthesis and 
carbon fixation capabilities. 

4.4. ER homeostasis plays vital roles in relieving Na+ toxicity via re- 
watering 

In addition to being the main site for biosynthesis and processing all 
of the secretory and membrane proteins in eukaryotic cells, the ER is 
also essential for plant adaptation to diverse environmental stresses (Liu 
and Howell, 2016). High salinity can easily affect the process of protein 
folding, triggering ER stress responses (Liu et al., 2007). In this study, 
molecular chaperones (SEC12-like protein 1, SEC12) were upregulated, 
enhancing vesicle trafficking in STIM after salt stress, thus, alleviating 
salt-induced ER stress processes by enhancing nascent protein folding 
(Fig. 7). Moreover, ER-associated degradation (ERAD) and protein 
translation activation accelerated the degradation of unfolded proteins 
(Hetz, 2012). In this study, CNX was significantly upregulated after 
re-watering, promoting the correct folding of nascent N-glycosylated 
proteins and endoplasmic reticulum quality control (Sarwat and Naqvi, 
2013). Furthermore, eIF2α upregulates protein synthesis after ER stress 

via the PERK, restoring endoplasmic reticulum stress by regulating 
amino acid metabolism, redox, and detoxification processes (Merlot 
et al., 2016). Herein, it was downregulated after re-watering, indicating 
that re-watering relieves Na+ toxicity by inhibiting protein misfolding, 
thus promoting correct folding. 

5. Conclusion 

This study provides comprehensive transcriptomic and proteomic 
analyses of the response of proso millet to re-watering. In addition to 
providing new insights into the post-transcriptional regulation of re- 
watering, this study also highlights that the system-wide rearrange-
ment of gene and protein expression after stress recovery can enhance 
tolerance against future stresses. This study focused on the metabolomic 
and transcriptomic changes that occur in proso millet leaves. However, 
the effects of salt stress on the roots remain unknown. Therefore, further 
research should seek to understand the influence of re-watering to 
relieve Na+ toxicity on roots using these two proso millet cultivars. 
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