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Abstract
Background: Considering the twin global problems of increasingly serious energy shortage and effects of
salt stress on biofuel plants, breeding of salt-resistant biofuel plant and the discovery of mechanisms for
biomass accumulation under salt stress is necessary for energy shortage. Proso millet (Panicum
miliaceum L.) is very resilient to abiotic stress, especially to land degradation caused by soil salinization,
and its promising as dedicated bioenergy crops for the production of renewable fuels and forage, due to
its high photosynthetic e�ciency C4 plant and ability to grow in a range of environmental conditions.
However, the mechanisms by which the roots of proso millet adapt and tolerate salt-stress are obscure.

Results: In this study, plants of a salt-sensitive cultivar (SS 212) and a salt-tolerant cultivar (ST 47) of
proso millet were exposed to severe salt stress and subsequent re-watering. ST 47 exhibited greater salt
tolerance and faster recovery than SS 212, as evidenced by higher increases in total root length (TRL),
root surface area (RSA), root tip number (RTN), biomass. Moreover, microstructural analysis showed that
relative to SS 212, the roots of ST 47 could maintain more intact internal structures, and thicker cell wall
under salt stress, thereby stronger resistance to salt toxicity and maintenance of growth. Digital RNA
sequence analysis suggested more genes involved in salt stress resistance were induced in ST 47 than in
SS 212. In ST 47 also, re-watering restored most genes that had been induced by salt stress. Results of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis revealed that ST 47
maintained better Na+/ K+ balance to resist Na+ toxicity via a higher capability to restrict Na+ uptake,
vacuolar Na+ sequestration, and Na+ exclusion. The mechanism for cell wall biosynthesis in cultivar ST
47 involved the promotion of cell wall composition changes, via e�cient regulation of galactose
metabolism and biosynthesis of cellulose and phenylpropanoids.

Conclusions: Overall, this study provides valuable salt-resistant biofuel resources and mechanisms for
relieving the world energy shortage, which could be applied for the rehabilitation of saline lands.

Background
Proso millet (Panicum miliaceum L.) is an allotetraploid with two sub-genomes and is one of the earliest
domesticated cereal crops around the world [1]. Owing to its close relationship with bioenergy crop
switchgrass (Panicum virgatum), and ethanol yield similar to highly fermentable corn (Zea mays) after
72 h of fermentation, proso millet is also considered as a feedstock for ethanol production [2, 3]. Its
originated from Northern China and is now widely grown in the semiarid regions of Asia, Europe, and
other continents [4]. Notably, the crop exhibits signi�cantly lower water requirements and higher e�ciency
of nutrient usage than most other cereal crops [5]. Proso millet is, therefore, the crop of choice for
sustainable water use in agricultural production. Besides, proso millet is considered extremely resistant to
abiotic stress due to its higher salt and temperature tolerance relative to most cereal crops [6]. Since the
release of the proso millet genome [5, 6], this species has evidenced an increase in research interest.
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Soil salinization is a signi�cant threat to sustainable agricultural production and ecological balance
worldwide [7, 8]. As a major abiotic stress factor, soil salinity severely inhibits plant growth and
development [9]. Roots are usually in direct contact with the soil and are, therefore, the �rst plant organ
that gets exposed to high salt concentrations. The subsequent accumulation of excessive Na+ affects
root architecture via inhibition of root growth and lateral root formation [10]. The root cells, therefore,
either have to adapt to the stress or die [11]. Soil salinity could affect the internal root structure in various
ways, such as augmenting cell wall ligni�cation, inhibiting cell division, causing disordered root cell
arrangement, or inducing apoptosis [12]. Roots form the �rst line of plant for salt stress, and should,
therefore, develop adaptive strategies to resist salt toxicity through root plasticity [13]. However, little
research has examined the sophisticated resistance mechanisms that underly plant root response to salt
stress [14, 15]. Therefore, an evaluation of the phenotypic, physiological, microstructural, and gene
expression mechanisms by which salt-tolerant crop roots resist salt stress is urgent.

The cell wall is the �rst barrier that prevents Na+ from entering the root cells; thus, cell wall integrity and
remodeling plays a crucial role in enhancing plant salt resistance. The excessive Na+ in the apoplast of
root cells may directly bind to negatively charged cell wall polymers and reduce cell toxicity [16]. On the
other hand, excessive Na+ replace Ca2+ by directly binding to pectin, which interferes with pectin cross-
linking [17]. Lignin is an important cell wall component, and ligni�ed secondary cell walls are involved in
plant defense against abiotic stresses, long-distance water transport, and ion uptake [18]. Cell wall
thickening by increased deposition of hemicellulose, cellulose, and lignin has been reported to facilitate
defense against abiotic stresses [19]. However, it is unclear whether cell wall biosynthesis contributes to
the �xation and barrier of Na+.

This present study employed salt sensitive and salt tolerant proso millet cultivars (SS 212 and ST 47,
respectively) to investigate the phenotypic, physiological, microstructural, and molecular responses of
this crop to salinity. The objective of the present study was to identify key traits and genes that control
salinity adaptation in the salt-tolerant cultivar, which could provide salinity related resources and
candidate genes.

Methods

Plant materials and treatments
This study used seeds of salt sensitive and salt tolerant proso millet cultivars (SS 212 and ST 47,
respectively). The seeds were surface disinfected (0.1% HgCl2, 5 minutes), rinsed (sterile water, three
times), sprouted (3-4 days), and cultured in a hydroponics system until the emergence of three leaves
(about 10 days). The culture was done in a seedling pot (12.4 cm × 17.5 cm) under 14h light/ 10h dark
cycles, day/night temperatures of 28/18 °C, and relative humidity of 60%. Seedlings were stressed by ½
Hoagland’s nutrient solution containing 0% (control) and 1% NaCl for 7 days and then transplanted into ½
Hoagland’s nutrient solution for another 7 days. Roots were subsequently harvested after 0, ½, 1, 3, and 7
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days of salt treatment, and day 7 of subsequent re-watering (RW 7 d). The culture solutions were changed
every two days throughout the growth period.

Analysis of root system architecture
Three biological seedling replicates were harvested at 0, ½, 1, 3, and 7 days of watering, and RW 7 d, and
then divided into aboveground parts and roots. The root systems of the six sample types were scanned
with an Epson Perfection V700 Pro scanner (Seiko Epson Corp, Suwa, Japan). Image data were analyzed
by the WinRHIZO software (Reagent Instruments Inc., Quebec, Canada) to quantify root parameters,
including the total root length (TRL), root surface area (RSA), and root tip number (RTN).

Measurement of biomass and mortality
To assess effects of salt stress on vegetative growth, the biomass was determined using standard
methods recommended by the Organization for Economic Co-operation and Development [20, 21]. The
roots and shoots were separated from the seedlings, and dried at 60°C to a constant weight in three
biological replicates, with 15 seedlings per replicate to determine biomass. Mortality was determined
under 7-day salt stress and subsequent re-watering for 7 days. Seedlings were considered to have dead
when they heart leaves lose green.

Determination of growth parameter and root physiological
parameters
The levels of root soluble compounds (soluble sugars [SS], soluble proteins [CPr], and proline [PRO]),
ascorbate peroxidase (APX), and malondialdehyde (MDA) were determined by the respective Assay Kits
(Beijing Solarbio Science & Technology, Beijing, China), according to the manufacturer’s instructions. Root
vigor (RV) was determined using a 2,3,5-triphenyl tetrazolium chloride (TTC) assay, as described
previously [22].

Determination of Na+, K+, Ca2+, and Mg2+ concentrations
All dry root samples were pulverized using a grinder (A 11 basic Analytical mill, IKA, Staufen, Germany),
then 8 ml of nitric acid (HNO3) and 2 ml of 30% (m/m) hydrogen peroxide (H2O2) were added to a 0.20 g
sample. Subsequently, the root samples were digested using a microwave digester (Milestone Inc, USA).
The contents of Na+, K+, Ca2+, and Mg2+ were detected by an atomic absorption spectrophotometer
PinAAcle500 (PerkinElmer, Waltham, USA).

Extraction and determination of cell wall composition
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The cell wall was extracted from root, as described previously [23]. The pectin content was determined
according to IFJU Method 26. The pectin was coagulated with ethanol in a constant temperature water
bath at 85°C for 10 min, centrifuged for 15 min at 4,000 rpm, discarded supernatant, and washed with
ethanol repeatedly until there was no sugar left. After coagulation and puri�cation, the pectin mixture was
added in 0.5 ml 1M NaOH, and adjusted to 10ml. After the extracting, the pectin mixture was �occulated
with carbazole-ethanol, H2SO4, measured at 525 nm using Multiskan GO (THERMO, Boston, USA), and
quanti�ed using a D-Galacturonic acid monohydrate (Sigma-Aldrich) standard curve. The hemicellulose
and cellulose contents were determined using the anthrone method [24, 25, 26]. The absorbance of the
solution is measured with the Multiskan GO (THERMO, Boston, USA) at 620 nm and converted to
hemicellulose and cellulose contents using a D-Glucose (Sigma-Aldrich) standard curve. The lignin
content was determined using acetyl bromide method [27]. The absorbance of the solution is measured
with the 1510-04201 Thermo Fisher Microplate Reader (Waltham, USA) at 280 nm.

Microstructural analysis of the root
Para�n sections of the root tips were prepared as described previously [28] to examine the root cell
structure. Brie�y, 3μm thick root transections were cut and taken through the experimental process,
mainly including dehydration, dip waxing, embedding, slicing, and safranin O-fast green staining.
Changes in root structure were observed and photographed under epi�uorescence microscope (Carl Zeiss,
Ober-kochen, Germany). Moreover, root tips were prepared for transmission electron microscope (TEM)
using the method described by Meng et al. [29]. Ultrathin sections were stained with uranyl acetate, and
lead citrate then examined under a TEM (HT7700, Hitachi, Ltd. Tokyo, Japan).

RNA extraction, cDNA library construction, and digital RNA
sequencing
Total RNA was extracted from the root tissues of three replicates for each treatment time points using an
RNA Plant Plus Reagent (Tiangen, Beijing, China), according to the manufacturer’s instructions. RNA
purity was checked using a NanoDrop 2000 Spectrophotometer (Thermo Scienti�c, CA, USA), and RNA
was resolved on a 1% agarose gel to check for contamination and degradation. The total RNA integrity
was assessed on an Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

The mRNA was puri�ed from total RNA using poly-T oligo-attached magnetic beads, and then interrupted
into short fragments by a fragmentation buffer. Complementary DNA (cDNA) was synthesized using
random hexamer primer, M-MuLV Reverse Transcriptase (RNase H), and DNA Polymerase I. The
remaining overhangs were then converted into blunt ends via exonuclease/polymerase activities. After
adenylation of 3’ ends, NEBNext Adaptors with a hairpin loop structure were ligated to the cDNA to
prepare for hybridization and barcoded with a large set of barcode sequences [30]. Then, cDNA fragments
(200-250 bp in length) were puri�ed by an AMPure XP system (Beckman Coulter, Beverly, USA), and PCR
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was performed using a Phusion High-Fidelity DNA polymerase, universal PCR primers, and Index (X)
Primer. At last, PCR products were puri�ed by the AMPure XP system, and library quality was assessed on
the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

All the 36 libraries were sequenced on an Illumina HiseqTM 4000 platform (Illumina, CA, USA) using the
PE-150 module, and paired-end 150bp reads were generated. The adaptor sequences and low-quality
reads were �ltered by the Trimmomatic tool (v0.33) to clean raw reads [31]. The clean reads obtained
after data processing were mapped to the Panicum miliaceum L. genome sequence using TopHat
(v2.1.0), and gene expression levels were estimated by fragments per kilobase of transcript per million
fragments mapped (FPKM) values.

Analysis of differentially expressed genes (DEGs)
Differentially expressed genes (DEGs) after ½, 1, 3, and 7 days of salt treatment and RW 7 d were
identi�ed using the DESeq R package (v1.10.1) by comparing the expression levels at these time points
with those at 0 days. In addition, to evaluate for DEGs among the two cultivars, the gene expression levels
of SS 212 were compared with those of ST 47. Genes with a minimal 2-fold changes (|log2 (FC) |≥1) and
a false discovery rate (FDR) of p ≤0.05 were identi�ed as signi�cantly differentially expressed between
the two time points [32].

GO and KEGG pathway enrichment analyses
The GOseq R package (v1.12) and KEGG Orthology Based Annotation System software (KOBAS, v2.0)
were used for the analysis of DEGs in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, respectively, and a corrected P-value<0.05 was chosen as the signi�cance
cutoff [33, 34].

Validation of RNA-Seq data by RT-qPCR
We conducted RT-qPCR to validate the RNA-Seq results of 10 randomly selected genes from the roots of
both proso millet cultivars. The RNA of three independent biological replicates from each treatment time
point was isolated using the RNA Plant Plus Reagent (Tiangen, Beijing, China) according to the
manufacturer’s protocols. The RNA was reverse transcribed for cDNA synthesis using PrimeScript™ RT
Reagent Kit with gDNA Eraser (Takara Bio, Kusatsu, Japan), following the manufacturers’ protocols. RT-
qPCR was conducted using gene-speci�c primers designed using the Primer Express (v5.0) software and
SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) according to the manufacturer’s protocols. Relative gene
expression was calculated by the comparative CT (2-△△CT) method using the Actin gene as a reference.

Data statistics and analysis
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All results were reported as means ± standard error, and experiments were performed in three biological
replicates. The data were analyzed by the SPSS software version 23.0 (Inc., Chicago, Ill., USA). Duncan’s
multiple comparison test was used at the P < 0.05 level to evaluate signi�cant differences among
treatment means.

Results

Root growth differences in response to salt stress and re-
watering in proso millet
Root growth in the two proso millet cultivars was severely inhibited under salt stress (Fig. 1). Compared
with the roots of the control treatment, 7-day salt stress reduced the aboveground, underground, and total
biomass of SS 212 by 62.10%, 80.00%, and 62.01%, respectively, and by 76.23%, 69.65%, and 75.70%,
respectively in ST 47. However, subsequent 7-day re-watering increased the aboveground, underground,
and total biomass of ST 47 by 2.45-fold, 2.33-fold, and 2.44-fold, but only by 1.33-fold, 1.29-fold, and
1.32-fold in SS 212 (Fig. 1B, C, D). Moreover, increases in the TRL, RSA, and RTN of ST 47 (2.62-, 2.40-,
and 1.61-folds) were more than that of SS 212 (1.29-, 1.27-, and 1.46-fold) after 7-day salt stress. With
subsequent re-watering for seven days, the TRL, RSA, and RTN of ST 47 increased by 82.08 cm, 8.01cm2,
and 287.34, which are approximately 5.0-fold higher than that in SS 212 (Fig. 1E-G). These results
suggest that ST 47 exhibited higher salt-tolerance and faster recovery than SS 212.

Root physiological differences in response to salt stress and re-watering in both proso millet cultivars

The levels of SS, Cpr, and PRO in the roots of both cultivars were quanti�ed to examine the content of
soluble substances under salt stress and re-watering. The SS contents of SS 212 increased 1.56-folds,
and by 1.47-fold in ST 47 at ½ day; however, ST 47 showed faster recovery than SS 212 upon re-watering
(Fig. 2A). The soluble protein contents in ST 47 were more than that in SS 212 during the entire test
period (Fig. 2B), indicating that high salt stress inhibits protein synthesis in salt-sensitive cultivars. Salt
treatment for ½ day increased the PRO contents of ST 47 by 5.87- fold, whereas 7.29- fold increase was
detected in SS 212 (Fig. 2C).

Besides, we also quanti�ed the MDA, APX, and RV levels of the roots to examine the root structural
damage of both proso millet cultivars (Fig. 2). The APX content of ST 47 did not change signi�cantly
during the �rst three days of salt stress, while the APX levels of SS 212 continued to increase signi�cantly
with the extension of stress time (Fig. 2D). After salt treatment, substantial increases were detected in the
MDA contents of the two cultivars, but the increment and contents in ST 47 were signi�cantly lower than
that in SS 212 (Fig. 2E). Besides, the RV contents in ST 47 were considerably higher than that of SS 212
(Fig. 2F).

Cultivar differences in the levels of root Na + , K+, Ca2+, and Mg2+ concentrations



Page 8/28

The average concentrations of root Na+, K+, Ca2+, and Mg2+ concentrations in both cultivars were similar
under control conditions (Fig. 3). At the start of the salt stress, the Na+ concentration of both cultivars
showed a rapid initial increase and then gradually increased. The Na+ concentrations of SS 212 (338.18
mg/kg DW) at ½ day were approximately 1.52-fold higher than that of ST 47 (222.35 mg/kg DW)
(Fig. 3A). Meanwhile, the K+ concentration in SS 212 and ST 47 progressively reduced to 11.19mg/kg DW
and 18.03 mg/kg DW at 7 d, respectively, with signi�cant differences between the two cultivars (Fig. 3B).
After 7-day salt stress, the Na+ concentration in SS 212 and ST 47 decreased signi�cantly but did not
return to normal levels (136.84 and 133.43 mg/g DW, respectively) with re-watering (Fig. 3A). In addition,
the K+/Na+ of ½, 1, 3, and 7 days salt treatment were found to be 0.082 ± 0.001, 0.051 ± 0.002, 0.044 ± 
0.002, and 0.030 ± 0.002 in SS 212, while the K+/Na+ of ST 47 were found to be 0.095 ± 0.003, 0.091 ± 
0.003, 0.061 ± 0.004, and 0.044 ± 0.003 under ½, 1, 3, and 7 days salt treatment (Table S1). The K+, Ca2+,
and Mg2+ concentrations in both cultivars showed a signi�cant decline, but increased signi�cantly with
re-watering (Fig. 3B, C, D), especially in ST 47. These results suggest that the uptake and accumulation of
Na+ had a signi�cant impact on the uptake of K+, Ca2+, and Mg2+.

Cell wall fractions differences in root responses to salt stress and re-watering

To investigate the impact of salt stress on cell wall, the pectin, cellulose, hemicellulose, and lignin content
were determined. The contents of the different cell wall components suggested that there were lower
content of pectin in the root cell walls under the salt treatment, compared with control. 7-day salt stress
reduced the pectin of SS 212 by 17.33%. However, salt stress had no obvious effects on pectin content of
ST 47 in the root cell walls (Fig. 3E). Salt stress also resulted in lower cellulose and hemicellulose
contents in the both proso millet roots. 7-day salt stress reduced cellulose and hemicellulose contents of
SS 212 by 20.03% and 11.24%, respectively, and by 17.86% and 12.69%, respectively in ST 47 (Fig. 3F-G).
Moreover, increases in the lignin content of ST 47 (1.16-fold) were more than that of SS 212 (0.99-fold)
after 7-day salt stress (Fig. 3H). However, subsequent 7-day re-watering reduced the lignin content of ST
47 by1.11-fold, but increased by 1.02-fold in SS 212.

Cultivar differences in root microstructural responses to salt stress and re-watering

According to the para�n section images in Fig. 4, the epidermis of salt-stressed SS 212 revealed
signi�cant cell degradation in the root tips, whereas that of ST 47 showed negligible cell disintegration
and still maintained standard shape (Fig. 4B, E). The TEM images in Fig. 4G show that under untreated
conditions, the root cell structure was complete, with mitochondria distributed around the cell wall in an
ellipsoidal shape, clear cristae, even endoplasmic reticulum distribution, and the plasma membrane close
to the cell wall. When SS 212 was salt-stressed, the root cell wall became thin due to decomposition,
severe plasmolysis occurred, the mitochondrial structure was blurred, and the cristae were disordered. In
contrast, the cell wall was thickened in ST 47 roots. Subsequent re-watering did not restore the internal
root cell structure of SS 212, but ST 47 regained its normal state. Overall, ST 47 could maintain the root
structural integrity to reduce salt toxicity.
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Salt stress and re-watering trigger different transcriptome reprogramming in the two proso millet cultivars

To con�rm that the different responses of the two proso millet cultivars to salt stress were due to a
signi�cant transcriptomic change, the seedling roots were subjected to salt stress and subsequent
recovery. We then performed Illumina HiSeq of 36 RNA samples of the various treatments at different
time points (12 samples ⋅ 3 biological replicates). More than 2.0 billion high-quality reads (average ~ 
57 million reads per sample) were mapped to the reference genome. Of these, 24.4 to 58.7 million (78.3–
82.2%) were mapped on exonic sequences (Table S2). The Cu�inks and Cuffcompare software detected
61,630 transcripts, including 54,901 known and 6,729 novel transcripts (Data S1). Spearman correlation
coe�cient (SCC) analysis showed that the FPKM values of triplicate samples from each of SS 212 and
ST 47 were positively correlated (p = 0.997 to 0.998) (Fig. S1). About 4.9–5.4% of genes in both proso
millet cultivars was found to be high-expressing (FPKM ≥ 60), and medium-expressing (15�FPKM ≥ 1)
and low-expressing (1�FPKM�0) (Fig. 5A). Genes with FPKM ≥ 1 were considered expressed in a given
sample [35]. Based on this criterion, a total of 47,648 genes were identi�ed in at least one of the 12
samples. Of these, 40,570 and 42,296 were expressed at individual time points (Data S2; Fig. S2), and
34,614 genes were shared in the two proso millet cultivars (Fig. 5B). Overall, the digital RNA-Seq analyses
revealed a substantial reprogramming of the transcriptome of both cultivars in response to salt stress
and re-watering.

To validate the digital RNA-Seq data, ten genes were randomly selected from SS 212 and ST 47 (12
samples per cultivar) for RT-qPCR, and primer sequences listed in Table S3. The RT-qPCR analysis results
were highly consistent with those of RNA-Seq data (Fig. S3). The correlation coe�cient of RT -qPCR and
RNA-Seq data for each of the genes was 0.89, which indicates that the RNA-Seq data were highly
accurate.

Transcriptomes Revealed The Relationship Between Salt
Stress And Re-watering
Hierarchical clustering and PCA were performed to verify that the recovery phenotypes induced by salt
and subsequent re-watering were associated with transcriptome reprogramming (Fig. 5C, D). As expected,
the root transcriptomes of both cultivars showed the highest correlation and clustered together between 0
days and RW 7 d (ρ = 0.925 in SS 212 and ρ = 0.932 in ST 47, respectively) (Fig. 5C, D). Thus, the
transcript patterns between these two time points were more similar in both proso millet cultivars than
other time points, especially in ST 47 (Fig. 5C). This result indicates that the salt-induced genes of ST 47
were restored faster than in SS 212 by re-watering.

DEGs reveal differential mechanisms for salt stress response in proso millet

The numbers of DEGs between sample pairs showed signi�cant differential expression between SS 212
and ST 47 overtime under salt stress and re-watering. A total of 3753 and 4600 DEGs were detected in SS
212 and ST 47 at ½ day, respectively, as compared with those at day 0, whereas 1745 and 1498 genes
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were differentially expressed after re-watering (RW 7 d), respectively (Fig. 6A, B). A total of 1,881 genes
(including 726 transcription factors [TF]-encoding genes) were differentially expressed in ST 47 at ½ day
as compared with SS 212, while 1,424 genes (including 576 TF-encoding genes) genes were differentially
expressed after re-watering (RW 7 d) (Fig. S4A). These results strongly suggest that after re-watering, the
transcriptome of ST 47 recovers faster and to a greater extent, as compared with SS 212. Therefore, it
was once again proven that re-watering restored most salt-induced genes in ST 47. At the same time,
these �ndings are highly consistent with phenotypic, physiological, and microstructural analysis results.
Overall, our results demonstrated that ST 47 exhibits a more robust tolerance to salt toxicity, compared to
SS 212.

Gene ontology (GO) and KEGG analysis of DEGs were performed to reveal the differences in molecular
mechanisms between the two cultivars caused by salt stress and subsequent re-watering. DEGs related to
oxidative stress and substance transport were highly expressed in SS 212 (Fig. 6C; Fig. S4B). Meanwhile,
DEGs related to stress response, protein modi�cation, and nucleotide-sugar metabolic processes were
signi�cantly enriched in ST 47, and it was likely that these GO terms were involved in resistance to salt
toxicity (Fig. 6D; Fig. S4B). Moreover, to understand the difference in molecular mechanism between two
cultivars caused by salt stress and subsequent re-watering, the KEGG pathways analysis was performed
(Fig. 6E, F; Fig. S4C). One of these pathways that resist and adapt salt toxicity were Na+ balance. Another
pathway was related to cell wall synthesis (galactose metabolism, cellulose synthesis and
phenylpropanoid biosynthesis pathway) (Fig. 7).

Effects of salt stress and re-watering on cell wall synthesis in proso millet

KEGG pathway enrichment analysis indicated that the response of proso millet to salt stress and
subsequent re-watering involves a rearrangement of cell wall synthesis. During salt stress, the galactose
metabolism pathway genes consisted of higher percentages of up-regulated genes in ST 47 than in SS
212 (Fig. 7). The expression of nine genes that encode four enzymes (alpha-galactosidase, aldose 1-
epimerase, UDP-sugar pyrophosphorylase, and UTP-glucose-1-phosphate uridylyltransferase) involved in
the biosynthesis of UDP-glucose and pectin were up-regulated. Remarkably, the normal expression of
alpha-galactosidase in ST 47 was restored after recovery (Fig. 7).

Similarly, 54 genes encoding six enzymes in the cellulose synthesis pathway were identi�ed under salt
stress. Interestingly at ½ day, eight genes in the cellulose synthesis pathway that encode the six key
enzymes (glucosyltransferase, sucrose synthase, cellulose synthase, edo-1,4beta-glucanase, UDP-glucose
pyrophosphorylase, hexokinase, and phosphoglucomutase) involved in cellulose micro�bril biosynthesis
were up-regulated. These results imply that salt stress activated the cellulose synthesis pathway in ST 47
at ½ day. After the recovery of SS 212, the expressions of the sucrose synthase (SUS) and hexokinase
(HK) were not recovered to the basal level (Fig. 7). Additionally, the critical enzyme cellulose synthase
(CesA), which catalyzes the biosynthesis of cellulose from UDP-glucose, was only activated in ST 47 at ½
day (Fig. 7). Therefore, these results imply that the up-regulated genes encoding alpha-galactosidase and
cellulose synthase may play essential roles in salt resistance via enhancing cell wall biosynthesis.
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We observed that at ½ day, seven genes that encode phenylalanine ammonia-lyase (in the
phenylpropanoid synthesis pathway) were up-regulated, which are related to guaiacyl and syringyl lignin
biosynthesis (Fig. 7). Re-watering up-regulated three genes encodes the key enzymes of the
phenylpropanoid synthesis pathway in ST 47. However, the expression of these genes was repressed in
SS 212, indicating that re-watering restored growth in salt-stressed plants by enhancing cell wall
biosynthesis (Fig. 7).

Expression patterns of key genes involved in Na + /K + homeostasis under salt stress and re-watering

Sixteen genes related to Na+ homeostasis was detected in the roots of both cultivars (Fig. 7). Among
them, no expression for non-selective cation channels was detected in the roots of both cultivars under
salt stress, while one key gene encoding the HKT1 transporter was more repressed in ST 47 than in SS
212 at ½ day (Fig. 7). Four genes encoding AKT1 transporters were repressed to lower levels in ST 47
than in SS 212 under salt stress, while re-watering restored the expressions of AKT1 in SS 212 to higher
levels than ST 47. These results further con�rm that ST 47 had a higher ability to resist Na+ uptake in root
cells. Interestingly, salt stress repressed the expression of three genes encoding NHX transporters in SS
212, while those genes maintained high expressions in ST 47. Our results suggest that ST 47 exhibits a
higher capacity for vacuolar translocation of Na+. Salt stress also activated one key gene in ST 47 that
encodes SOS1 transporters to higher levels than in SS 212 (Fig. 7).

Discussion

ST 47 roots exhibit stronger resistance and adaptation to
salt stress than SS 212
The phenotype and physiology of plant roots typically undergo a series of adjustments to resist and
adapt to high salt environments [36]. These changes mainly involve the root development processes,
such as tropism, elongation, and lateral root growth [37, 38]. Compared to SS 212, the underground
biomass of ST 47 was less negatively affected by salt stress and demonstrated faster recovery with re-
watering (Fig. 1C). The mortality of ST 47 was almost unaffected by salt treatment (Fig. 1E). Moreover,
the TRL, RSA, and RTN in ST 47 increased more rapidly than that in SS 212 after re-watering. According
to Xu et al. [39], maintenance of a vibrant root system architecture contributes to resistance to salt
toxicity. Although the accumulation of soluble substances is effective in resisting salt stress and
maintenance of osmotic balance, the synthesis of soluble substances requires a high carbon cost.
Therefore, plants could apply this strategy to survive salt stress but grow sub-optimally [40]. Compared to
SS 212, the concentrations of SS and PRO in ST 47 increased at a slower rate in response to salt stress
(Fig. 2A, C), a phenomenon considered a classic hallmark of halophytes [41]. Since high salt stress
inhibits protein synthesis in salt-sensitive crop varieties [42], the soluble protein concentrations of SS 212
in our study remained almost constant under salt stress (Fig. 2B). These results re�ect that ST 47 roots
resist and adapt to salt toxicity via regulation of root plasticity and physiological mechanisms.
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ST 47 roots exhibit more restoration of salt-induced genes after re-watering than SS 212

Re-watering is an effective strategy for restoring growth in salt-stressed plants [43]. Most previous studies
have focused on the physiological responses of plant roots to sodium toxicity. In contrast, only a few
have explored the mechanisms for salt tolerance and recovery by determining the effect of re-watering on
the restoration of salt-stressed plants. In this study, the root transcriptome of the two cultivars showed the
highest correlation before salt stress and after re-watering (Fig. 5C, D). A total of 3,753 and 4,600 DEGs
were detected in SS 212 and ST 47 at ½ day, respectively (Fig. 8A, C). The DEGs of SS 212 were most
enriched in GO terms related to “response to chemical stimulus”, “response to oxidative stress”, and “drug
transport” (Fig. 8B). Meanwhile, the DEGs of ST 47 were enriched in GO terms related to “oxidoreductase
activity”, “response to chemical stimulus”, and “organic substance transport” (Fig. 8D). Re-watering
reduced the number of DEGs in the two proso millet cultivars; 1,745 and 1,498 DEGs were detected in SS
212 and ST 47, respectively (Fig. 8E, G). The up-regulated genes in SS 212 were enriched in GO terms
related to “quinone and ubiquinone metabolic processes”, “response to oxidative stress”, and “response
to chemical stimulus” (Fig. 8F). In ST 47, the up-regulated genes were enriched in “protein
phosphorylation”, “protein modi�cation”, and “phosphorylation” (Fig. 8H). Time points with high
correlation are considered to have similar transcripts [44]. Therefore, it was found that the DEGs restored
after re-watering of ST 47 are related to resistance to salt toxicity.

ST 47 roots exhibit higher soluble substances accumulation and better Na + / K + balance than SS 212

The accumulation of salt (mainly NaCl) in the soil to high levels causes osmotic stress and ion toxicity in
plants [40, 45]. For instance, osmotic stress interferes with the ability of plants to absorb water; thus,
plant cells cope via osmotic adjustment, in which soluble compounds are accumulated in cells [46]. This
study revealed that the cultivar ST 47 resists the osmotic stress caused by salt damage via synthesizing
more soluble substances (SS, CPr, and PRO). The ionic imbalance is associated with a substantial in�ux
of Na+ [46]. To resist ion toxicity, root cells in high-salt environments respond by reducing Na+ uptake,
vacuolar sequestration of Na+, and promoting Na+ exclusion to prevent the cytoplasmic accumulation of
excess Na+. Firstly, root cells resist salt toxicity by mechanisms that restrict Na+ uptake, mainly by down-
regulating Na+ in�ux at the soil-root boundary (via non-selective cation channels or HKTs) [47]. In this
present study, salt stress down-regulated the expressions of genes related to CNGCs and the HKT1
transporter in ST 47, relative to SS 212 (Fig. 7). Secondly, NHX transporters facilitate the vacuolar
sequestration of excess cytosolic Na+, which effectively avoids the accumulation of Na+ in the cytoplasm
[48]. In this study, ST 47 showed more signi�cant up-regulation of genes related to the NHX transporter,
compared with SS 212. Finally, the exclusion of excessive Na+ in root cells is activated by the SOS
signaling pathway [47]. The SOS1 Na+/H+ exchanger is the most prominent component in this pathway,
which is required for the extrusion of the excess of Na+ out of the cells [49]. Compared with SS 212, the
expressions of genes related to the SOS1 transporter were up-regulated in ST 47. Thus, ST 47 showed a
lower capacity of restricting the absorption of Na+, higher translocation of Na+ to the vacuole, and Na+

exclusion. Moreover, the excessive Na+ replaces K+, thus affecting cytosolic enzyme activity and
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metabolism, and constraining plant metabolic processes. Therefore, the maintenance of appropriate K+/
Na+ balance is essential for sustained plant growth under salt stress [50]. This study showed that
decreasing the Na+ and increasing K+ concentration in ST 47 was favorable for optimal K+/Na+ ratio
under salt stress (Fig. 3A; Table S1), which is essential for resistance to salt toxicity [51]. These results
suggest that ST 47 showed a higher ability to discharge Na+ from root cells (Fig. 7). Therefore, the results
of the present study con�rmed that ST 47 has a higher capacity to resist salt toxicity than SS 212 via Na+

balance.

ST 47 shows stronger resistance to salt toxicity via enhancing cell wall biosynthesis

Maintaining cell wall integrity is crucial for plant growth and salt tolerance [52]. Since Ca2+ is involved in
secondary cell wall biosynthesis [13], Na+ accumulated in the soil-root boundary replaces Ca2+ and
directly binds to the root cell wall, thus changing the cell wall components and their chemical properties
[53]. In this study, the concentration of Ca2+ in both proso millet cultivars declined signi�cantly following
exposure to salt stress (0.51-fold; 0.66-fold; Fig. 3D). Furthermore, salt toxicity severely destroyed the
surface structures, cell shapes, and internal cell structure of SS 212 roots, while ST 47 maintained the
root structural integrity to resist salt toxicity. The biosynthesis and deposition of lignin are induced during
plant acclimation to salt stress [54]. The lignin content of ST 47 in secondary cell walls was higher
response to salt stress (Fig. 3H), the higher lignin content in secondary cell walls acts as barrier to limit
Na+ entry into root cell, reduce Na+ toxicity to plants [55]. Salt stress also promoted reductions in
cellulose, concomitantly with increases in lignin content [54]. In this study, the cellulose content of both
proso millet cultivars declined signi�cantly following exposure to salt stress (0.80-fold; 0.82-fold; Fig. 3F).
Thus, the regulation of cellulose and lignin deposition in response to salinity may represent an adaptation
to resist Na+ toxicity [55]. Finally, lignin biosynthetic genes are induced during plant acclimation to salt
stress [56]. In this study, genes involved in cell wall biosynthesis were activated and up-regulated in ST 47
under salt stress, including guaiacyl and syringyl lignin biosynthesis, galactose metabolism, and cellulose
biosynthesis. Therefore, the transcriptional changes of genes or pathways that participate in cell wall
biosynthesis is an essential molecular mechanism leading to cultivar differences in Na+ tolerance and
accumulation in proso millet.

Conclusions
The integrated approach employed in the present study has revealed the primary strategies employed by
the salt-tolerant proso millet cultivar to adapt to salt stress: 1) Maintaining a vibrant root system
architecture. 2) Activating and up-regulating the biosynthesis of soluble substances. 3) Maintaining a
smooth root surface, intact internal structure, and a thickened cell wall are conducive to blocking Na+

entering into the cells. 4) Maintain an optimal Na+ balance in the root cell via restricting Na+ uptake,
vacuolar sequestration of Na+, and Na+ exclusion from the cytosol. 5) Enhancing cell wall biosynthesis.
Therefore, our results highlight that the salt-tolerant cultivar ST 47 employs a coordinated regulation of
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phenotypic, physiological, microstructural, and molecular mechanisms to adapt and resist salt toxicity.
These results could guide novel strategies for improving salt resistance in other biofuel plants.
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Figure 1

Growth of SS 212 and ST 47 roots with or without salt treatment. (A) Phenotypes under salt treatment.
(B) Aboveground biomass. (C) Underground biomass. (D) Total biomass. (E) Total root length. (F) Root
surface area. (G) Root tip number.
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Figure 2

Physiological dynamics between SS 212 and ST 47 in response to salt stress and re-watering. (A) Root
soluble sugar concentrations. (B) Root soluble protein concentrations. (C) Root proline concentrations.
(D) Root APX contents. (E) Root MDA contents. (F) Root vigor.
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Figure 3

Ion contents and cell wall fractions in the roots of SS 212 and ST 47 under normal conditions, salt stress,
and after re-watering. (A) Contents of Na+. (B) Contents of K+. (C) Contents of Ca2+. (D) Contents of
Mg2+. (E) Contents of pectin. (F) Contents of cellulose. (G) Contents of hemicellulose. (H) Contents of
lignin.
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Figure 4

The root cross-section structures and subcellular structure of both proso millet cultivars under salt stress
and re-watering conditions. Root cross-section structures of SS 212 (A, B, C); root cross-section structures
of ST 47 (D, E, F). Control, untreated root; salt stress 7 d, 1% NaCl treatment for 7 d; Re-watering, re-
watering treatment for 7 d. Root subcellular structure of SS 212 (G, H, I); root subcellular structure of ST
47 (J, K, L). Control, untreated root; salt stress 7 d, 1% NaCl treatment for 7 d; Re-watering, re-watering
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treatment for 7 d. CW, cell wall; Va, vacuole; PM, plasmalemma; ER, endoplasmic reticulum; Mt,
mitochondria; Nu, cell nucleus. A-F, 100 magni�cation, scale bars = 200μm; G-L, 4000 magni�cation, scale
bars = 2 μm.

Figure 5

Gene expression pro�les in 24 samples of proso millet as determined by RNA-Seq analysis. (A)
Proportions of genes expressed at different levels (based on FPKM values) in 12 samples (6 time points
×2 cultivars). (B) The number of transposable elements expressed in 12 samples. (C) Spearman’s
correlation coe�cient analysis of RNA-Seq data of SS 212 and ST 47. (D) Principal component analysis
(PCA) of transcriptomes of SS212 and ST 47 at 0, ½, 1, 3, and 7 days, and RW 7 d.
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Figure 6

Differential gene expression between ST 47 and SS 212 in response to salt stress and re-watering. (A) SS
212. (B) ST 47. (C, D) Enriched GO terms (biological processes, molecular functions, and cellular
components) at each treatment time point in down- and up-regulated genes in SS 212 (C) and ST 47 (D).
The color scale at the bottom represents signi�cance (corrected P-value). (E, F) KEGG pathways at each
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treatment time point in down- and up-regulated genes in SS 212 (E) and ST 47 (F). The color scale at the
bottom represents signi�cance (corrected P-value).

Figure 7

Transcriptional changes at each treatment time point in SS 212 and ST 47. Transcriptional changes in SS
212 and ST 47 samples at each treatment time point. Genes encoding transporter proteins, metabolites,
and TFs are indicated in orange boxes, Na+, K+ in red dots, and other metabolites in gray boxes. Name(s)
and expression patterns of the genes encoding the corresponding enzyme(s) are indicated above or
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below the arrows. Hash arrows represent multiple enzyme reactions that were not investigated in this
study.

Figure 8

Differential regulation of genes between SS 212 and ST 47 in response to salt stress and re-watering. (A,
C, E, G) Volcano plots of differentially expressed genes (DEGs) at ½ day and RW 7 d. Red and green dots
represent up-regulated and down-regulated DEGs, respectively. The total number of DEGs (up- and down-
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regulated) is shown in the upper right corner. DEGs were selected based on the following criteria:
|log2(fold-change) | ≥ 1 and false discovery rate (q-value) ≤ 0.001; (B, D, F, H). The functional
categorization of up-regulated genes in both cultivars was done based on GO annotations.
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