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Abstract: Improving rice salt-tolerance is an effective way to deal with the increasing food demand
caused by soil salinization and population growth. Nevertheless, the molecular mechanisms of rice
salt-tolerance remain elusive. In this study, comparative transcriptomic analyses were performed to
identify salt-tolerance genes that were either specifically regulated or more changed in salt-tolerant
cultivar FL478 relative to salt-sensitive cultivar 93-11. In total, 1423, 175, and 224 salt-tolerance genes
were identified under 200 mM NaCl treatment for 6 h, 24 h, and 72 h, respectively. These genes
were commonly enriched in transport and peroxidase/oxidoreductase activity across all timepoints,
but specially enriched in transcription regulator activity at 6 h under salt stress. Further analysis
revealed that 53 transporters, 38 transcription factors (TFs), and 23 reactive oxygen species (ROS)
scavenging enzymes were involved in salt adaptation of FL478, and that overall, these salt-tolerance
genes showed a faster transcriptional expression response in FL478 than in 93-11. Finally, a gene
co-expression network was constructed to highlight the regulatory relationships of transporters,
TFs, and ROS scavenging genes under salt-stress conditions. This work provides an overview of
genome-wide transcriptional analysis of two contrasting rice genotypes in response to salt stress.
These findings imply a crucial contribution of quickly transcriptional changes to salt tolerance and
provide useful genes for genetic improvement of salt tolerance in rice.

Keywords: rice; salt stress; transcriptional analysis; transporters; transcription factors; reactive
oxygen species

1. Introduction

Rice (Oryza sativa) is a staple food crop and provides major calories for half of the
world’s population. With soil salinization threatening more than 800 million hectares
of land, salinity stress becomes a major environmental stressor that affects rice growth
and production worldwide [1]. The global growing human population will increase the
demands for agricultural crop production by 70–110% in 2050 [2]. Therefore, improving
rice salt-tolerance is one of the most important strategies to boost land utilization and
agricultural economy.

Salt can cause serious damage to plants when it reaches a certain level. The excessive
Na+ in soil leads to ion toxicity in plants and inhibits enzyme activities, cell division and
dilatation, membrane disintegration, and osmotic imbalance [3,4]. External Na+ negatively
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affects intracellular K+ uptake, thereby disrupting intracellular ion balance and producing
osmotic stress [5]. Moreover, excessive reactive oxygen species (ROS) induced by salt stress
is harmful to plants, although ROS acts as a stress sensor in the early stage of stresses [6].

Plants have evolved a series of complicated mechanisms to cope with salt stress so
that they can survive and complete their life cycle [3,7]. Membrane transporters of Na+

and K+ play important roles in salt tolerance, and they have been used to enhance biotic
and abiotic stress resistance [8]. Additionally, the production of Ca2+ and ROS is a sensory
mechanism of plants in response to salt stress [3,7]. Moreover, transcription factors (TFs)
act as a regulatory hub within various signaling pathways by regulating the expression
of downstream genes under salt conditions [4,9,10]. A novel MYB coiled-coil type TF,
OsMYBc, was found to regulate the high-affinity K+ transporter (OsHKT1;1) which has a
key role in controlling Na+ concentration and preventing sodium toxicity in leaves [9]. The
basic helix–loop–helix (bHLH) type TF bHLH123 acted with NADPH oxidase to improve
tobacco salt tolerance [10]. Compared with the control, transgenic plants overexpressing
GmNAC085 displayed higher activities of antioxidant enzymes responsible for scavenging
hydrogen peroxide or superoxide radicals [11].

Rice is very sensitive to salt in the early seedling stage, which eventually influences
grain yield. However, the molecular mechanisms underlying salt tolerance in rice are still
elusive. Salt-induced transcript profiles have been documented by microarrays in both
shoots and roots in rice [12–14]. However, array-based technologies often have limitations
in the accuracy of expression measurements, especially for the genes with low expression
abundance [15]. With the rapid development of sequencing technology, RNA-seq has been
widely used to detect the genome-wide gene expression changes and to identify candidate
genes resistant to salt stress [16–20]. Similar studies were also performed in rice [21,22],
but very few salt-treated timepoints were included. FL478 is a salt-tolerant cultivar that
has the ability to tiller well and maintains low Na+/K+ ratio under salt conditions [14,23],
while 93-11 is an elite indica variety sensitive to salt [24]. In this study, these two contrasting
rice genotypes were used to explore the candidate genes and molecular mechanisms in
response to salt by comparative RNA-seq analysis during four timepoints. These findings
will pave the way for further understanding the regulatory networks of salt response in
crops and help to mine candidate genes for genetic improvement of salt tolerance.

2. Materials and Methods
2.1. Plant Materials and Salt Treatment

Rice cultivars 93-11 (salt sensitive) and FL478 (salt tolerant) were used in this study,
of which FL478 was derived from the Institute of Crop Sciences, Chinese Academy of
Agricultural Sciences. Germinated seeds were grown on a 96-well plate and planted in
the greenhouse at 30 ◦C for 14 h in the light and at 20 ◦C for 10 h in the dark. The relative
humidity was 60% and the light intensity was 300 µmol·m−2·s−1. The Hoagland hydro-
ponic solution was refreshed at 3-day intervals, and 7-day-old seedlings were transferred
to 200 mM NaCl-containing Hoagland solution for salt treatment.

2.2. cDNA Library Preparation and Sequencing

Shoots were sampled from five independent plants at 0 h, 6 h, 24 h, and 72 h, respec-
tively, after salt treatment for each biological replicate. A total of three biological replicates
were performed. The samples were frozen in liquid nitrogen and stored at −80 ◦C until
use for transcriptome sequencing. Total RNA was isolated by using a RNA extraction kit
(DP432, TIANGEN, Beijing, China) according to the manufacturer’s instructions. Twenty-
four cDNA libraries were constructed and subsequently sequenced with the Illumina Hiseq
4000 platform.

2.3. RNA-Seq Data Analysis

Adaptor sequences and low-quality reads were removed using Trimmomatic v0.32 [25].
The high-quality 150 bp paired-end reads were mapped on the Nipponbare reference
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genome [26] with HISAT2 v2.1.0 and StringTie v1.3.4 [27] with default parameters (e.g.,
–threads = 6). Gene expression levels were represented by the FPKM (Fragments Per Kb per
Million reads) values.

Differentially expressed genes (DEGs) were identified in FL478 or 93-11 at 6 h, 24 h, and
72 h upon salt compared with 0 h (the control), respectively. The DEGs were determined by
DEseq2 [28] based on a threshold of two-fold expression change and false discovery rate
(FDR) < 0.05. The DEGs that were unique to FL478 or those whose expression was higher
(≥two-fold) in FL478 in comparison to 93-11 were defined as salt tolerance genes [29]. The
expression profiles of DEGs were clustered using the c-means method [30]. DEGs were
annotated using the MSU Rice Genome Annotation Project Release 7 [26] and then subjected
to Gene Ontology (GO) enrichment analysis by GOATOOLS [31] using hypergeometric
tests with the Benjamini–Hochberg correction. Enriched GO terms were visualized using
R package ggplot2 [32]. Transcription factors (TFs) was annotated by the PlantTFDB v5.0
database [33].

2.4. Co-Expressed Gene Network Analysis

Co-expressed gene modules were identified using Weighted Gene Co-expression
Network Analysis (WGCNA) v1.63 [34] with an unsigned type of topological overlap
matrix (TOM), a soft-thresholding power of 22, a minimal module size of 20, and a branch
merge cut height of 0.2. The similarity of the co-expression network was calculated by
the Pearson correlation. Gene expression was visualized using the R package pheatmap
(https://cran.r-project.org/web/packages/pheatmap/index.html, accessed on 22 January
2022). Gene regulatory relationship was displayed by Cytoscape v3.9.0 [35].

2.5. qRT-PCR Analysis

To confirm the transcriptional levels of RNA-seq, eleven salt-tolerant genes were
selected to perform a qRT-PCR assay as previously described [36]. The primer pairs were
listed in Table S1. Three biological replicates of each sample were analyzed. The relative
expression levels of genes were calculated by the 2−∆∆Ct method [37].

3. Results
3.1. DEGs Identification and Cluster Analysis

Compared with the salt-tolerant cultivar FL478, the leaves were curved at 24 h and
the tips of leaves were necrotic at 72 h in the salt-sensitive cultivar 93-11 under 200 mM
NaCl treatment (Figure S1). RNA-seq was performed using these two rice cultivars to
gain a comprehensive overview of transcriptomic changes in response to salt. A total
of 24 individual libraries were sequenced at 0 h (the control), 6 h, 24 h, and 72 h after
salt treatment, respectively. The clean reads were mapped to the reference genome and
the expression levels of 55,801 genes were obtained. Of these, 2306 and 2017 DEGs were
identified in 93-11 and FL478, respectively (Figure 1A and Table S2). In FL478, a higher
number (1746) of DEGs were found after exposure to salinity stress at 6 h, while fewer were
found at 24 h (345) and 72 h (407) treatment compared with 0 h, respectively. In contrast,
an opposite trend was observed in 93-11 with 538 DEGs at 6 h, 717 DEGs at 24 h, and
2080 DEGs at 72 h after salt treatment. These results indicated a quicker transcriptional
response of FL478 than 93-11 under salt condition.

https://cran.r-project.org/web/packages/pheatmap/index.html
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salt treatment. On the contrary, the 341 DEGs from cluster four were upregulated at 6 h 
but then downregulated at 24 h and 72 h in the two cultivars. Clusters five and six, with 
612 and 389 DEGs, respectively, were expressed highest in 93-11 at 72 h after salt stress, 
in accordance with the greatest number of DEGs found at this timepoint in 93-11. Cluster 
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Figure 1. The DEGs identified in FL478 and 93-11 upon salt treatment. (A) The number of DEGs
detected in FL478 and 93-11 under salt conditions. (B–H) Seven gene clusters of all the DEGs.
Membership values indicate the degree of genes belonging to the clusters.

Cluster analysis was carried out to reveal the expression patterns of DEGs under
salinity in 93-11 and FL478 (Figure 1B–H and Table S3). The DEGs were roughly grouped
into seven clusters. Cluster one included 472 DEGs that were preferentially expressed
at a high level in FL478 at 72 h after salt treatment but were downregulated across all
timepoints in 93-11. Cluster two included 584 genes which were downregulated at 6 h after
salt stress in the two rice cultivars and then upregulated at 24 h and 72 h. The 515 DEGs
from cluster three were downregulated in both 93-11 and FL478 during the whole salt
treatment. On the contrary, the 341 DEGs from cluster four were upregulated at 6 h but
then downregulated at 24 h and 72 h in the two cultivars. Clusters five and six, with 612
and 389 DEGs, respectively, were expressed highest in 93-11 at 72 h after salt stress, in
accordance with the greatest number of DEGs found at this timepoint in 93-11. Cluster
seven included 321 DEGs that were upregulated by salt at 6 h but then downregulated at
24 h in 93-11 and FL478. However, these two cultivars showed distinct expression responses
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at 72 h. Collectively, the results suggest discrepant and similar transcriptional responses of
FL478 and 93-11 under salt conditions, which inspires us to further identify salt tolerance
genes uniquely or more changed in FL478 compared with 93-11.

3.2. Salt Tolerance Genes Play Pivotal Roles in FL478 Compared with 93-11

To get a better understanding of the mechanism underlying the salt tolerance in rice,
comparative transcriptome analysis was performed between 93-11 and FL478 at 6 h, 24 h,
and 72 h after salt treatment, respectively.

After 6 h salt treatment, 1319 DEGs were exclusively identified in FL478, 111 DEGs
were uniquely found in 93-11, and 427 DEGs were commonly regulated in both FL478 and
93-11 (Figure 2A). Of the 427 commonly regulated DEGs, 104 were changed more in FL478
than in 93-11. Thus, a total of 1423 DEGs were identified as salt-tolerance genes in FL478
relative to 93-11 at 6 h after salt treatment (Table S4). GO enrichment analyses showed that
these DEGs were enriched in transcription regulator activity, response to stress, response to
oxidative stress, peroxidase activity, ion transport, and antioxidant activity (Figure 2B and
Table S5).
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Figure 2. The salt-tolerance genes identified in FL478 relative to 93-11. (A,C,E) Venn diagrams of
DEGs identified at 6 h, 24 h, and 72 h, respectively. The salt tolerance genes were defined as those
DEGs specifically regulated or more (i.e., >two-fold) changed in FL478 relative to 93-11. (B,D,F) GO
enrichment of salt tolerance genes at 6 h, 24 h, and 72 h after salt treatment.
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Similarly, after 24 h salt stress, 153 and 525 DEGs were uniquely changed in FL478
and 93-11, respectively (Figure 2C). Among the 192 commonly identified DEGs, 22 were
changed more in FL478 than in 93-11. In total, 175 DEGs were identified as salt-tolerance
genes at 24 h after salt treatment (Table S4). These genes were enriched in transport,
response to stress, response to oxygen-containing compound, response to abiotic stimulus,
catalytic activity, and binding (Figure 2D and Table S5).

After exposure to salt stress at 72 h, a total of 224 DEGs were identified as salt-
tolerance genes, including 216 DEGs specifically detected in FL478 and eight DEGs with
more expression changes in FL478 than in 93-11 (Figure 2E). The GO enrichment included
transport, response to stress, response to abiotic stimulus, oxidoreductase activity, oxidation-
reduction process, and metal ion binding (Figure 2F and Table S5).

Interestingly, by comparing the enriched categories among the three timepoints, DEGs
were shared in related functions such as transport and peroxidase/oxidoreductase activity,
suggesting that these DEGs play a pivotal role during the whole salt treatment. Moreover,
DEGs were also enriched in a time-specific manner (such as transcription regulator activity
at 6 h), suggesting a major contribution of transcription factor regulation to the early
response of salt stress. In the following, we will focus on the DEGs enriched in the shared
and specific GO terms.

3.3. Enhanced Transport Ability Is Important for the Adaption to Salt Stress

The maintenance of ion homeostasis at the cellular level is a key factor in determining
whether plants can overcome the damaging effects of salt-induced ion stress [38]. As
described above, salt tolerance genes were commonly enriched in transport function at 6 h,
24 h, and 72 h upon salt stress (Figure 2B,D,F). Therefore, the transporters were further
investigated to demonstrate their roles in salt tolerance. A total of 53 transporter-related salt-
tolerance genes were found. More than half of them were specifically or more upregulated
in FL478 than in 93-11 at 6 h, although a few were also highly expressed in 93-11 after
prolonged (72 h) salt stress (Figure 3). These genes included three ATP-binding cassette
(ABC) transporters, two aquaporin proteins, one cation/H+ exchanger, one high-affinity K+

transporter, and one vacuolar ATPase (Table S6). Additionally, eleven lipid-transfer protein
(LTP) genes were more upregulated in FL478 than in 93-11 at 6 h or 72 h after salt stress.
Together, these results suggested that the enhanced transport ability (as indicated by the
upregulated expression levels of transporters) contributes to the salt tolerance in FL478
compared with 93-11.



Agronomy 2022, 12, 1163 7 of 14Agronomy 2022, 12, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. The heatmap of salt tolerance genes related to transporters. The fold-change was centered 
and scaled in the row direction. 

3.4. Differential Expression of Transcription Factors and ROS Scavenging Genes Is Correlated to 
Salt Tolerance 

Transcription factors play an important role in salt stress regulation, since a particu-
lar TF affects the expression of a group of salt tolerance genes [38]. As shown in Figure 2B, 
salt tolerance genes were enriched in transcription regulator activity especially under 6 h 
salt stress. Further analysis revealed a total of 38 TFs that were more upregulated by short-
term salt stress in FL478 than in 93-11 (Figure 4A and Table S7). These TFs belonged to the 

FL
47

8_
6h

/0
h

93
-1

1_
6h

/0
h

FL
47

8_
24

h/
0h

93
-1

1_
24

h/
0h

FL
47

8_
72

h/
0h

93
-1

1_
72

h/
0h

LOC_Os11g05700 (ABC)
LOC_Os09g39960 (Dynamin)
LOC_Os08g10480 (HMP)
LOC_Os01g73300 (YKT62)
LOC_Os04g51610 (ACA5)
LOC_Os01g15010 (Arf)
LOC_Os03g07480 (SUT1)
LOC_Os01g19770 (Tim17)
LOC_Os12g32760 (MFS)
LOC_Os01g16260 (MFS)
LOC_Os02g47320 (VAG)
LOC_Os05g40010 (LTP17)
LOC_Os08g43120 (ABCG45)
LOC_Os12g29220 (SWEET13)
LOC_Os09g20000 (HMP)
LOC_Os03g46454 (IRT2)
LOC_Os11g07600 (ABC2)
LOC_Os04g44570 (TIP3−2)
LOC_Os05g48416 (LACT)
LOC_Os03g02050 (LTP151)
LOC_Os10g35050 (TIP3−1)
LOC_Os01g57370 (CNGC2)
LOC_Os04g51820 (HKT1)
LOC_Os04g55200 (Epsilon−COP)
LOC_Os09g21340 (NCS2)
LOC_Os08g31340 (HMP)
LOC_Os08g37370 (MTCC)
LOC_Os10g36170 (LTP160)
LOC_Os01g32120 (CML11)
LOC_Os01g52130 (SULTR)
LOC_Os07g09970 (LTP84)
LOC_Os01g62980 (LTP101)
LOC_Os05g47700 (LTP152)
LOC_Os04g33920 (LTP102)
LOC_Os05g47730 (LTP153)
LOC_Os03g09230 (LTP69)
LOC_Os05g31730 (CHX)
LOC_Os06g07220 (LTP128)
LOC_Os10g30450 (HMA)
LOC_Os02g30910 (MtN3)
LOC_Os05g32320 (BT1)
LOC_Os01g32330 (HMP)
LOC_Os04g48390 (SPX)
LOC_Os01g14100 (BT1)
LOC_Os03g19290 (Tim17)
LOC_Os06g44420 (GDU1)
LOC_Os01g12520 (Mito_carr)
LOC_Os11g02389 (LTP)
LOC_Os03g50960 (LRP118)
LOC_Os11g04150 (MFS)
LOC_Os05g18294 (SEC14)
LOC_Os02g46460 (PTR2)
LOC_Os09g23300 (VIT1)

−1 0 1 2−2

Normalized fold change

Figure 3. The heatmap of salt tolerance genes related to transporters. The fold-change was centered
and scaled in the row direction.

3.4. Differential Expression of Transcription Factors and ROS Scavenging Genes Is Correlated to
Salt Tolerance

Transcription factors play an important role in salt stress regulation, since a particular
TF affects the expression of a group of salt tolerance genes [38]. As shown in Figure 2B, salt
tolerance genes were enriched in transcription regulator activity especially under 6 h salt
stress. Further analysis revealed a total of 38 TFs that were more upregulated by short-term
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salt stress in FL478 than in 93-11 (Figure 4A and Table S7). These TFs belonged to the
ERF, MYB, bHLH, bZIP, Dof, HD-ZIP, HSF, NAC, C3H, G2-like, MADS, RAV, SRS, and
WRKY families. Notably, these genes were roughly divided into two groups according to
their expression levels at 72 h: the genes from the first group expressed lower in FL478
than in 93-11, while those from the second group showed comparable expression levels
between FL478 and 93-11 (Figure 4A). This result suggests that these transcription factors
play an important regulatory role in rice responding to salt stress and re-emphasizes that
the salt-tolerant cultivar FL478 responds faster than the salt-sensitive cultivar 93-11 under
salt conditions.

The higher activity of antioxidant enzymes is responsible for the better tolerance
conferred by the tolerant varieties [18,39]. Consistently, the salt-tolerance genes were
enriched in oxidative-related metabolisms at 6 h, 24 h, and 72 h in this work (Figure 2). In
total, 23 ROS scavenging genes were identified (Figure 4B and Table S8). Of these, 13 genes
were expressed higher in FL478 than in 93-11 at 6 h under salt, while only two and eight
genes were identified at 24 h and 72 h, respectively. The higher number of DEGs detected
at 6 h than 24 h and 72 h indicated a requirement of more genes to scavenge oxidative
damages at the early stage, and also suggested a quicker transcriptional response of FL478
than 93-11 under salt conditions.
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3.5. Interaction Network of Key Genes Relevant to Salt Tolerance

To better understand the interactions of salt-tolerance genes in rice, the weighted
gene co-expression networks were investigated using all DEGs detected in FL478 and
93-11 under salt conditions (Figure 5A). In total, eleven co-expressed gene modules were
identified (Figure 5B). Because FL478 had a quicker response than 93-11 under salt stress
and transcription regulator was specifically enriched at 6 h (Figure 2B), we mainly focused
on analyzing the interaction network of genes in the pink module, which was significantly
associated with the higher expression levels of FL478 at 6 h (Figure 5B). In total, 274 genes
were included in the pink module, of which 46 were salt-tolerance genes. Expression
profiles of the pink module showed a high expression of FL478 at 6 h under salt treatment
(Figure 5C,D), confirming the accuracy of gene module classification. Further analysis
found that nine TFs were highly interacted with 14 transporters and three anti-oxidases
in a co-expression network (Figure 5E and Table S9), providing a potential regulatory
relationship of salt tolerance genes in rice. However, the function of these genes needs to
be further validated by experiments.
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Figure 5. The weighted gene co-expression network analysis. (A) The hierarchical cluster tree
constructed with a total of 3234 DEGs. The eleven co-expression modules are indicated by the
corresponding colors. (B) The pink module significantly related to the gene expression of FL478 at 6 h
upon salt stress. (C) Expression profiles of 274 DEGs in the pink module. (D) The average expression
of 274 DEGs in the pink module. (E) Co-expression networks of salt-tolerance genes related to TFs,
transporters, and ROS scavenging. The shape and color represent gene types, and the graph size
represents fold-change of genes at 6 h compared with 0 h in FL478 upon salt treatment.

3.6. Validation of the DEGs by qRT-PCR

Eleven salt-tolerance genes related to TFs, hormones, transporters, and anti-oxidases
were selected to examine their expression levels by qRT-PCR. The Pearson correlations
between RNA-seq and qRT-PCR ranged from 0.86 to 0.99 with an average of 0.93 (Table S1),
supporting a reliable of expression profiles detected by RNA-seq in this work.

4. Discussion

The increasing soil salinization and global population growth have increased human
demand for crop production [1,2]. Improving rice adaptation on saline soil is an effective
strategy to increase food production on limited land resources. For this purpose, a compar-
ative transcriptome analysis was performed to investigate the molecular mechanisms in a
salt-tolerant cultivar FL478 relative to a salt-sensitive cultivar 93-11. These findings will
uncover salt-tolerance genes and the underlying molecular mechanisms in rice.
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Identification of salt tolerance genes is the first priority of this work. DEGs specifi-
cally/more upregulated in tolerant cultivars than in sensitive cultivars were identified as
salt tolerance genes [29]. Here, a total of 1423, 175, and 224 salt-tolerance genes were identi-
fied in FL478 relative to 93-11 at 6 h, 24 h, and 72 h after salt stress, respectively (Figure 2).
Further analysis found that transport-related molecular functions were enriched in all three
timepoints along salt stress. Among the salt-tolerant transporters identified, a large number
of known salt-resistance genes were reported, including one cation/H+ exchanger (CHX),
one high-affinity K+ transporter (HKT1), one vacuolar ATPase, and eleven lipid-transfer
protein (LTP) genes (Figure 3 and Table S6). The CHX genes have been demonstrated to
operate as a K+/H+ antiporter to control K+ acquisition and homeostasis [40]. The HKT
genes functioned as high-affinity K+-Na+ cotransporters to maintain intracellular K+ and
Na+ homeostasis for sodium tolerance [41] and controlled root-to-shoot Na+ transfer in
rice [12]. Additionally, the V-type proton ATPase participated in the response of plants
to external salt stress and played a key role in Na+/H+ transport [42,43]. In addition,
LTP genes were reported to improve plants resistance under salt stress conditions [44–46].
Together, these results suggested that FL478 has a more efficient transport mechanism,
which contributes to its strong tolerance under salt stress.

Significant ROS accumulation under salt stress will cause oxidative damage and even-
tually result in cell death [3,6,7]. Low ROS concentrations function as a signal to activate
salt-stress responses [6], while high ROS concentrations damage proteins, lipids, DNA, and
carbohydrates [47]. ROS is a secondary stress induced by salt stress, and accordingly, the
ROS scavenge enzymes are activated. Our functional enrichment showed that the genes
related to peroxidase activities and oxidoreductase activities were significantly enriched at
6 h and 72 h after salt stress, respectively. Specifically, two thioredoxin, seven peroxidases,
ten oxidoreductases, one glutaredoxin (Grx), one slender and crinklyleaf (SLC), and two
glutathione peroxidases (GPXs) were more upregulated in FL478 than in 93-11 (Figure 4B).
The results indicate that FL478 uses a more efficient antioxidant system to maintain its
strong tolerance to salt stress.

TFs play crucial roles in regulating the expression of various salt tolerance genes
in plants [3,7]. In the present study, salt-tolerance genes were enriched in transcription
regulator activity, especially at 6 h after salt treatment. A total of 38 salt-tolerance TFs
were found, and they were classified into the ERF, MYB, bHLH, bZIP, Dof, HD-ZIP, HSF,
NAC, C3H, G2-like, MADS, RAV, SRS, and WRKY families (Figure 4A). Many such kinds
of TFs have previously been demonstrated to regulate salt tolerance in rice [12,14,21].
NAC transcription factors OsNAC3 and OsNAC45 played vital roles in rice salt tolerance
via abscisic acid (ABA) signaling [48,49]. bZIP transcription factors such as ABF2 and
ABF4 were salt- and ABA-inducible [50]. In this work, the salt tolerance TFs NAC002 and
NAC104 were co-expressed with ABF4 and ABF2, respectively, suggesting a major role
of these TFs in rice salt tolerance through a coordinated expression regulation of ABA
signaling pathways. Four MYB-type salt tolerance TFs were also included in this work, of
which OsMYB102 has been demonstrated to be involved in salt and drought stresses [51].
In addition, one homolog of GhWRKY6 acting as a negative regulator during drought and
salt stresses [52] was identified as a salt tolerance TF (Table S7). This evidence suggested a
crucial role of these TFs in improving FL478 tolerance to salt stress.

Interestingly, most salt-tolerance genes responded to salt stress at 6 h in FL478, while a
few proportion highly expressed at 72 h in 93-11 (Figures 3 and 4). These results imply that
FL478 has a quicker response to salt stress relative to 93-11, which may be an important
reason for its salt resistance [53,54]. The co-expression network of these salt-tolerance
genes was further investigated (Figure 5E). Moreover, these genes can be regarded as key
regulators and functional genes for genetic improvement of salt tolerance in rice.

5. Conclusions

In this work, a comparative transcriptome analysis was performed to identify salt-
tolerance genes using two contrasting rice cultivars with different salt responses. In total,
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1423, 175, and 224 salt-tolerance genes were identified at 6 h, 24 h, and 72 h under salt
treatment, respectively. These genes were commonly enriched in transport and peroxi-
dase/oxidoreductase activity across all timepoints, but specially enriched in transcription
regulator activity at 6 h under salt stress. The expression profiles of these related genes
were subsequently investigated, revealing a faster transcriptional response in FL478 than
in 93-11 under salt. A gene co-expression network was also constructed to demonstrate the
regulatory relationship of transporters, TFs, and ROS scavenging genes in response to salt
conditions. These findings will improve our understanding of the molecular mechanism of
salt tolerance in rice, and the identified salt tolerance genes are useful candidates for the
genetic improvement of salt-tolerant rice.
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classification of all the DEGs. Table S4. Salt-tolerance genes identified in FL478 relative to 93-11.
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