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Integrative analysis of transcriptome
and metabolome reveal molecular
mechanism of tolerance to salt stress in rice
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Abstract

Background Salt stress is considered to be one of the major abiotic stresses influencing rice growth and productivity.
To improve rice crop productivity in saline soils, it is essential to choose a suitable variety for mitigating salt stress and
gain a deep understanding of the underlying mechanisms. The current study explored the salt tolerance mechanism
of wild rice'HD96-1 (salt resistive)' and conventional rice 1R29 (salt sensitive)' by evaluating morph-physiological,
transcriptomic, and metabolomic approaches.

Results Physiological data indicated that HD96-1 had higher chlorophyll content, higher photosynthetic efficiency,
more stable Na*/K*, less H,O,, and lower electrolyte leakage under salt stress compared with /R29. Transcriptomic
and metabolomic data showed that the expression of NHXs in IR29 was significantly down-regulated under salt
stress, leading to a large accumulation of Na* in the cytoplasm, and that the expression of CHLH, PORA, and PORB
was significantly down-regulated, inhibiting chlorophyll synthesis. HD96-1 maintained the balance of Na* and K*

by increasing the expression of NHX4, and there was no significant change in the expression of genes related to
chlorophyll synthesis, which made HD96-1 more resistant to salt stress than /R29. In addition, HD96-1 inhibited the
excessive synthesis of hydrogen peroxide (H,O,) and alleviated oxidative damage by significantly down-regulating
the expression of ACX4 under salt stress. HD96-1 promoted the accumulation of isoleucine by up-regulating genes
of branched-chain amino acid aminotransferase 2 and branched-chain amino acid aminotransferase 4 and might
promote the synthesis of raffinose and stachyose by up-regulating the expression of the gene for galactitol synthase
2, which, in turn, maintained a stable osmotic pressure and relieved osmotic stress. We also found that /R29 and
HD96-1 alleviated the inhibition of photosynthesis by salt stress by down-regulating the expression of light-harvesting
chromophore protein complex (LHCH Il)-related genes and reducing the excessive accumulation of glucose
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factors.

metabolites, respectively. In addition, HD96-1 enhances salt tolerance by regulating C2H2 and bHLH153 transcription

Conclusion Under salt stress, HD96-1 maintained ionic balance and photosynthetic efficiency by up-regulating the
expression of NHX4 gene and reducing the overaccumulation of glucose metabolites, respectively, and mitigated
osmoatic stress and oxidative stress by down-regulating the expression of ACX4 and promoting the accumulation of
isoleucine, respectively, thereby enhancing the adaptability to salt stress. IR29 maintained photosynthetic efficiency
under salt stress by down-regulating the expression of light-harvesting chromophore protein complex (LHCH II)-
related genes, thereby enhancing adaptation to salt stress.

Keywords Rice, Salt stress, Transcriptome, Metabolome, Photosynthesis

Introduction

Salt stress is a vital environmental problem that seri-
ously influence the plant growth and development [1,
2]. Currently, about 950 million hectares of arable crop-
land including 250 million hectares irrigated land are
affected by salt stress [2]. Salt stress cause hazardous
impacts to plants such as ionic, osmotic, and oxidative
stress, which retards normal plant growth and develop-
ment [3, 4]. Exposed to salt stress, plants have the ability
to evolved a complex set of adaptive mechanisms [5]. In
response to environmental stresses, many plants influ-
ence morphology, physiology or metabolites by alter-
ing transcript levels [6, 7]. Previous study reported that
Sesame promotes ABA biosynthesis by significantly up-
regulating the expression of genes related to the control
of 9-cis-epoxycarotenoid dioxygenases, thereby improv-
ing salt tolerance in sesame [8]. Kale improves its antioxi-
dant capacity by increasing the expression of superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and ascorbate oxidase (AAO) genes, which ulti-
mately improves the resistance of kale to drought stress
[9]. Oilseed rape significantly increased the sugar content
by increasing the expression of UDP glucose 6-dehydro-
genase under cold stress, thus improving the adaptability
of oilseed rape to cold stress [10].

Rice (Oryza sativa L.), staple food for more than 50%
of the global population. Rice is moderately salt-sensitive
crop [11, 12]. Salt stress inhibits rice morph-physiolog-
ical traits and ultimately reduce grain yield and quality
[13-16]. Salt stress limits plant growth mainly through
ion toxicity and inhibition of photosynthesis [17]. Ion
toxicity is usually due to excess input of Na* under salt
stress, resulting in Na* accumulation in the cytoplasm
[18]. Rice plant contains nine high-affinity K* transporter
(HKT) genes encoding Na*/K* symporter, five OsNHX
Na*/H* antiporters, and OsSOSI Na*/K* antiporter
genes [19]. Among them, Na*/H' reverse transporter
proteins (NHXs) play a key role in intracellular Na* secre-
tion and zonal compartmentalization of Na* in vesicular
membranes, which are essential for improving plant salt
tolerance [20]. Under salt stress, the stomata of leaves
close to reduce the transpiration and the intercellular

CO, concentration [21]. Salt stress disrupts the lamel-
lar structure of chloroplast basal lamellae and reduces
the content of chlorophyll and carotenoids in leaves [22].
Salt stress also induced photoinhibition of PSII, and sig-
nificantly reduced the maximum quantum yield (F, / F)
of PSII [23]. In response to salt stress, rice has developed
complex adaptive mechanisms through long-term evo-
lution, such as osmoregulation, selective ion uptake and
rejection, compartmentalization of toxic ions, regulation
of photosynthesis and energy metabolism [3, 24].

The introduction of sequencing technology has facili-
tated the use of transcriptome sequencing data to explore
metabolic pathways associated with plant responses to
salt stress and identify salt tolerance candidate genes. The
mechanism of salt tolerance in rice has been explored
using transcriptome sequencing technology [12]. Metab-
olomics has been widely used to study complex metab-
olites in plants under biotic and abiotic stresses, thus
providing insights into a wide range of metabolic data
and biaxial metabolic pathways [25]. By transcriptional-
metabolic co-analysis, it was found that exogenous
melatonin-treated soybeans control gene expression by
up-regulating glycosidases and amino acid synthetases
related to glycosidases [26]. This increased the activities
of carbon and nitrogen metabolizing enzymes, thereby
increasing the carbohydrate and amino acid contents and
improving the resistance of soybean to drought stress
[26]. Peach increased lignin content and improves its
own resistance to cold stress by increasing the expression
of lignin synthesis-related genes [27].

HDY%6-1 wild rice, often referred to as “seawater rice;” is
a salt-tolerant local variety that grows on coastal beaches
or low-lying saline soils in Zhanjiang, China, where it is
often inundated by seawater. It is characterized by resis-
tance to pests and diseases, salt tolerance, and vigorous
growth [25]. However, the regulatory molecular network
of the HD96-1 salt-tolerant gene remains unclear. There-
fore, we selected salt-tolerant wild rice HD96-1 and salt-
sensitive IR29 to explore the key salt-tolerant metabolic
pathways and tap the salt-tolerant genes in wild rice
HDY6-1, which will provide a reference for breeders to
develop new salt-tolerant varieties.
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Results

Measurement of growth indicators

Salt stress significantly influenced the morphological
traits of both varieties (Figs. 1 and 2). Salt stress markedly
decreased the plant height, stem basal internode diame-
ter, leaf area and above ground dry matter accumulation.
Compared to CK, there were significantly corresponding
percent decreased of 15.66% and 15.13% in plant height,
27.79% and 12.81% in stem basal internode diameter,
32.48% and 14.62% in leaf area, and 14.58% and 14.58% in
above-ground dry matter, respectively at 2.5 and 4.5 leaf
stages in IR29 variety under salt stress. Compared to CK,
there were significantly corresponding percent decreased
of 26.77% and 15.03% in stem basal internode diameter,
22.48% and 4.23% in leaf area, and 8.51% and 35.94% in
above-ground dry matter, respectively at 2.5 and 4.5 leaf
stages in HD96-1 variety under salt stress. In contrast to
CK, the plant height of HD96-1 slightly decreased under
salt stress. Compared to CK, there were significantly cor-
responding percent decreased of 61.71% and 66.42% in
total root length, 52.58% and 67.83% in total root sur-
face, 40.05% and 69.15% in total root volume, and 39.04%
and 51.73% in underground biomass, respectively at 2.5
and 4.5 leaf stages in IR29 variety under salt stress. Com-
pared to CK, there were significantly corresponding per-
cent decreased of 59.23% and 51.51% in total root length,
55.08% and 53.17% in total root surface, 52.00% and
58.59% in total root volume, and 9% and 24.74% in under-
ground biomass, respectively at 2.5 and 4.5 leaf stages in
HDY96-1 variety under salt stress. These results indicated
that HD96-1 variety showed better performance under
salt stress.

Effects of salt stress on Na* and K* contents and Na*/K*

Salt stress significantly increased leaf and root Na* con-
tent while significantly decreasing the K™ in IR29 and
HD96-1 compared to CK (Table 1). Compared to CK,
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the Na" content significantly increase was 12.85 folds
and 11.27 folds in leaf, 3.98 folds and 3.02 folds in root,
and K* content decreased by 0.03 folds and 0.15 folds in
leaf and 0.14 folds and 0.15 folds in root, respectively, for
IR29 and HD96-1 under salt stress. Compared to CK, salt
stress significantly increased the leaf Na*/K* ratios by
13.10 folds and 13.41 folds in leaf, and 4.81 folds and 3.75
folds in root, respectively, for IR29 and HD96-1. The Na*
content and Na*/K" in the roots and leaves of IR29 were
higher than those of HD96-1 under salt stress (Table 1).
Compared with HD96-1 wild rice, salt stress accumulated
higher Na™ content in the roots and leaves of IR29 and
inhibited K* uptake in IR29.

Effect of salt stress on photosynthetic pigments, gas
exchange and chlorophyll fluorescence parameters in rice
Photosynthetic pigments of IR29 and HD96-1 were sig-
nificantly decreased under salt stress (Fig. 3A, B, C).
and the chlorophyll a, chlorophyll b, and carotenoid
contents of IR29 rice under S treatment were signifi-
cantly decreased by 22.35%, 26.42%, and 20.92% at the
two-leaf-one-heart stage and significantly decreased by
18.39%, 22.68%, and 18.63% at the four-leaf-one-heart
stage, when compared with the CK control group. The
above indexes of salt stress treatment in HD96-1 were
slightly decreased at the two-leaf-one-center stage and
significantly decreased by 19.7%, 39.87%, and 9% at the
four-leaf-one-center stage compared with CK treatment.
Compared with IR29, HD96-1 showed a smaller decrease
in photosynthetic pigments under salt stress.

The gas exchange parameters were all significantly
reduced in rice under salt stress treatments compared
to the CK treatment (Fig. 3D, E, F, G). Among them, Pn,
Gs, Ci, and Tr were significantly decreased by 18.83%,
36.26%, 5.23%, and 34.12% at the 2.5 leaf stage and
22.98%, 31.5%, 9.66%, and 37.5% at the 4.5 leaf stage,
respectively, in the salt treatment of IR29 as compared
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Fig. 1 Effects of salt stress on IR29 and HD96-1 phenotypes. CK:0 mM NaCl, S: 50 mM NaCl
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Fig. 2 Effect of salt stress on (A) plant height, (B) stem base width, (C) leaf area, (D) dry weight of aboveground parts, (E) total root length, (F) total root
surface area, (G) total root volume, and (H) total root weight of 1R29 and HD96-1. CK:0 mM NaCl, S: 50 mM NaCl. Values are the mean =+ SE of three replicate
samples. Different letters in the data column indicate significant differences (p < 0.05) according to Duncan’s test



Deng et al. BMC Plant Biology (2025) 25:335 Page 5 of 20

Table 1 Effects of salt stress on Na* and K* contents and Na*/K*. CK:0 mM NaCl, S: 50 mM NaCl. Values are the mean =+ se of three
replicate samples. Different letters in the data column indicate significant differences (p < 0.05) according to Duncan's test

Treatment Variety Leaf Na* Leaf K* Leaf Na*/K* Root Na* Root K* Root Na*/K*
CK IR29 0.829+0.001c 20931+£0.112¢ 0.040+0.000c 1.594+0.002¢ 16.610+0.000b 0.096+0.000c
HD96-1 0.846+0.004¢ 29.324+0.107a 0.029+0.000d 1.597£0.004c 16.618+0.001a 0.096 +£0.000c
S IR29 11484 +0.035a 20.351+0.000d 0.564+0.002a 7.944+£0.009a 14.229+0.000c 0.558+0.001a
HD9%6-1 10.377+£0.021b 24.833+0.116b 0.418+0.002b 6.425+0.005b 14.101 +0.000d 0.456+0.000b
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Fig. 3 Effects of salt stress on chlorophyll a content (A), chlorophyll b content (B), carotenoid content (C), net photosynthetic rate Pn (D), intercellular
carbon dioxide concentration Ci (E), stomatal conductance Gs (F), transpiration rate Tr (G), quantum efficiency of PS Il (H), and maximum quantum yield of
PS 1) in IR29 and HD96-1. CK:0 mM NaCl, S: 50 mM NaCl. Values are the mean + SE of three replicate samples. Different letters in the data column indicate
significant differences (p <0.05) according to Duncan’s test
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Fig. 4 Effects of salt stress on H,0, content and electrolyte leakage in IR29 and HD96-1 rice. CK:0 mM NaCl, S: 50 mM NaCl. Values are the mean +SE of
three replicate samples. Different letters in the data column indicate significant differences (p < 0.05) according to Duncan'’s test

Table 2 Effect of salt stress on ABA content in /R29 and HD96-1. Log2FC: log, fold change. Type: changes in ABA content

Index Compounds Class Treatment P-value Fold Change Log,FC Type
ABA Abscisic acid ABA HS/HCK 0.96481 1.00136 0.00197 insig
IS/ICK 0.00003 1.38610 047103 insig
ABA-GE ABA-glucosyl ester ABA HS/HCK 0.90688 1.01529 0.02189 insig
IS/ICK 023511 1.19538 0.25747 insig

with the CK treatment; The above indexes of salt stress
treatment of HD96-1 were significantly decreased by
29.87%, 47.11%, 6.75%, and 35.86% at the 2.5 leaf stage
and 20.83%, 42.96%, 7.31%, and 30.12% at the 4.5 leaf
stage as compared with CK treatment.

Fv/Fo (Fig. 3H) and Fv/Fm (Fig. 2I) of IR29 rice in salt
stress treatment significantly decreased by 21.05% and
7.83% at 2.5 leaf stage and 11.42% and 5.69% at 4.5 leaf
stage, compared with CK treatment; Fv/Fo and Fv/Fm of
HD96-1 rice in salt stress treatment compared with CK
control Compared with the CK control, Fv/Fo and Fv/
Fm decreased significantly by 50.76% and 30.15% at the
2.5-leaf stage, and Fv/Fo increased by 1.30% and Fv/Fm
decreased by 0.06% at the 4.5-leaf stage.

Effects of salt stress on the extent of cell membrane
damage and antioxidant enzyme activities in rice cells

The cell membranes of both IR29 and HD96-1 were
damaged to varying degrees under salt stress (Fig. 4A,
B). At the 2.5 leaf stage, compared to the CK treatment,
the S treatments significantly increased the content of
H,0, by 18.14% and 13.12%, and electrolyte leakage by
65.52% and 65.14%, respectively, for IR29 and HD96-1. At
the 4.5 leaf stage, compared to the CK treatment, the S
treatments increased the content of H,O, by 0.55% and
27.80%, and electrolyte leakage by 217.60% and 134.94%,
respectively, for IR29 and HD96-1. And we found that the

H,O, content in IR29 rice was higher than that in HD96-
1 rice in both CK treatment and S treatment.

Effect of salt stress on ABA content in rice

|log2FC|=1 and q value<0.05 were used as criteria for
significant changes in hormone content. No significant
changes in ABA and ABA-GE contents were observed
in both IR29 rice and HD96-1 rice under salt stress
(Table 2).

Response of rice transcriptome to salt stress

RNA sequences from 12 samples were analyzed (Addi-
tional table: S2). Each sample yielded an average size of
approximately 6.70 GB of bases. The average Q30 was
89.9975%. Sequencing quality and library construction of
the reaction samples were good, and data accuracy was
high. Each sample was a clean read with reference to the
genome sequence. These data met the criteria for subse-
quent analysis. In order to reflect the correlation of gene
expression between samples, Pearson correlation coef-
ficients were calculated for all gene expressions between
each of the two samples, and these coefficients were
reflected in the form of heatmaps. For all treatments, we
can observe a high correlation between biological repli-
cates, which indicates the reliability of biological repli-
cates in this study (Supplementary file: Fig. 3). Principal
Component Analysis (PCA) showed that PC1 captured
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most of the variance in the data. PC2 captured less vari-
ance in the data (Supplementary file: Fig. 3). In addition,
the PCA data showed good reproducibility within the
same treatment and greater variability across treatments.

To verify the reliability of the RNA sequencing data,
seven genes randomly selected from all treatments of the
two IR29, HD96-1, were subjected to qRT-PCR analysis.
qRT-PCR results showed a high degree of consistency
between the up- and down-regulated changes in differ-
ential expression of the gene and the RNA sequencing
data (Supplementary table: S1), proving that the RNA
sequencing data were reliable.

Selection and functional characterization of differentially
expressed genes in rice under salt stress

Gene expression was calculated and normalized by the
TPM method, and|Log2FC|=1 and q-value<0.05 signifi-
cantly differentially expressed genes were selected. Com-
pared with CK, there were 555 differentially expressed
genes (331 up-regulated and 224 down-regulated) in
IR29 (IS/ICK) and 144 differentially expressed genes (21
up-regulated and 123 down-regulated) in HD96-1 (HS/
ICK) after salt stress (Fig. 5A, C). IR29 and HD96-1 had
60 common significant differentially expressed genes
(Fig. 5A). These 60 genes had great differences in gene
expression changes in HD96-1 and IR29 varieties after
salt stress (Fig. 5D). Under salt stress, there were 495
unique differentially expressed genes in the IR29 variety
and 140 unique differentially expressed genes in HD96-1
(Fig. 5A), and the changes in the expression of these dif-
ferentially expressed genes varied considerably among
the varieties (Fig. 5E, F).

KEGG annotation analysis of significantly differen-
tially expressed genes under salt stress in the two variet-
ies showed that all the differentially expressed genes in
HDY6-1 and IR29 under salt stress were mainly involved
in several categories, including “carbohydrate metabo-
lism’, “amino acid metabolism’, “energy metabolism’,
“signal transduction” etc. (Supplementary file: Fig. 1).
Sixty genes were significantly differentially expressed
in both rice species, representing the core genes associ-
ated with the salt stress response in rice. Among them,
we found that the expression of the related control
genes of senescence-specific cysteine protease SAG39
(LOC107280424, OSNPB_030752500) and galactinol syn-
thase 2 (LOC4344351; OSNPB_070687900) was signifi-
cantly elevated in both HD96-1 and IR29, but the change
in expression of HD96-1 was significantly higher than
IR29. Compared with CK, the expression of bHLHI153
transcription  factor-related genes (LOC4336261,
OSNPB_040493100), xyloglucan endotransglucosylase /
hydrolase protein 24 (LOC4341942, OSNPB_060696600),
and xyloglucan endotransglucosylase / hydrolase pro-
tein 25 (LOC4341944, OSNPB_060697000) in HD96-1
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was significantly reduced after salt stress (LOC4341944,
OSNPB_060697000) showed a significant decrease in
expression, and the corresponding genes of IR29 showed
a significant increase in expression. The related control
gene for salt-stressed ABA 8-hydroxylase, CYP707A7
(LOC4347261), showed a significant down-regulation
in HD96-1 rice and a significant up-regulation in IR29.
Among these core genes, a total of four transcription
factors were identified, including MYB, NAC, CO-like,
and G2-like, which have important regulatory roles in
rice responses to salt stress (Supplementary table: S3).
By GO enrichment analysis, 60 core genes were found
to be involved in molecular functional processes such
as aspartate kinase activity, xyloglucan: xyloglucosyl
transferase activity, branched-chain amino acid amino-
transferase activity, amino acid translocation, and other
biological processes (Supplementary table: S4), and kegg
enrichment analysis of these 60 core genes showed that
the main significant enrichment was in the 2-oxocarbox-
ylic acid metabolism, monobactam biosynthesis, lysine
biosynthesis, biosynthesis of amino acids, cysteine and
methionine, galactose metabolism, glycine, serine and
threonine metabolism, glucosinolate biosynthesis, brassi-
nosteroid biosynthesis, and mustard oleosin metabolic
pathways (Fig. 6A, B; Supplementary table: S8).

The results showed that 495 genes were specifically
and significantly differentially expressed only in IR29
rice under salt stress compared with CK but did not
show significant changes in HD96-1. Among them,
the LOC4333197 gene (ZFP36) was found to be sig-
nificantly down-regulated 32.86-fold in IR29 rice after
salt stress, and the corresponding gene in HD96-1 was
not significantly changed (Supplementary table: S5).
The LOC9270505 gene was significantly down-regu-
lated about 5-fold Supplementary table: S5) in IR29 rice
(P0592B08.3), and the expression of the corresponding
gene in HD96-1 was up-regulated, but not significantly.
The GO functional enrichment analysis revealed that
these 495 genes are involved in many processes of pho-
tosynthesis (Supplementary table: S6). To further under-
stand the effects of salt stress on IR29 rice and to further
explore the mechanism of salt tolerance in HD96-1, we
continued kegg analysis of these IR29 rice-specific salt
tolerance candidate genes. The results showed that these
genes were significantly enriched in kegg pathways such
as photosynthesis-antenna proteins, porphyrin and chlo-
rophyll metabolism, and starch and sucrose metabolism
(Fig. 6C, D; Supplementary table: S7). Among them, we
focused on photosynthesis-antenna proteins, porphy-
rins, and chlorophyll metabolism and found that the
expression of several genes on photosynthesis-antenna
proteins showed a significant down-regulation (Supple-
mentary table: S10), and several genes related to the
control of chlorophyll a and chlorophyll b synthase on
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IR29 (E) and HD96-1 (F) after salt stress
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Fig. 6 Differentially expressed genes common to HD96-1 and IR29 (A), specific to IR29 (C), and specific to HD96-1 (E) were significantly enriched for the
KEGG pathway under salt stress. Heatmap of gene expression of genes significantly enriched in the KEGG pathway under salt stress shared by HD96-1 and
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the porphyrin-chlorophyll metabolism pathway showed
a trend of down-regulation (Fig. 6D), which resulted in
the inhibition of chlorophyll a and chlorophyll b syn-
thesis, whereas no significant changes occurred in the
expression of the relevant genes in HD96-1 rice. In con-
trast, the expression of related genes did not change sig-
nificantly in HD96-1 rice. This suggests that higher salt
sensitivity in JR29 may be significantly linked to reduced
photosynthetic efficiency. and that the greater resistance
of HD96-1 to salt stress may be due to the maintenance
of the expression of the corresponding genes, thereby
maintaining a more stable photosynthetic efficiency.
There were 140 genes differentially expressed in HD96-1
after salt stress. These 140 differentially expressed genes
may be significantly associated with the salt tolerance
of HD96-1. Kegg enrichment results showed that sele-
nium compound metabolism and fatty acid degradation
were significantly enriched (Fig. 6E, F). Multiple path-
ways such as starch and sucrose metabolic pathways, and
amino acid biosynthesis were also enriched (Supplemen-
tary table: S9).

Response of rice metabolome to salt stress

The raw mass spectrometry data collected by LC-MS/
MS and data processing were used to detect 13,652 dif-
ferential metabolites in rice. VIP>1, Fold-Change>1.2,
or <0.83 with a P-value<0.05 were used as the screen-
ing criteria for differential metabolites. Compared with
the control (CK), 100 and 187 metabolite contents were
significantly changed in the IR29 and HD96-1 varieties,
respectively, under salt stress. After salt stress, the accu-
mulation of 46 metabolites was changed in both /R29 and
HD96-1 (IS/ICK and HS/HCK), of which 29 metabo-
lites were increased and 17 metabolites were decreased
in IS/ICK, and 27 metabolites were increased and 19
metabolites were decreased in HS/HCK. There were
23 metabolites whose accumulation increased only in
the IS/ICK group and 31 differential metabolites whose
accumulation decreased only in the IS/ICK group, while
17 and 96 metabolites whose accumulation increased
and decreased only in HS/HCK, respectively (Fig. 7A, B;
Supplementary table: S11). Analysis of metabolite kegg
enrichment pathways revealed that HD96-1 differential
metabolites under salt stress were mainly involved in the
biosynthesis of amino acids, 2-oxocarboxylic acid metab-
olism, starch and sucrose metabolism, pantothenate
and CoA biosynthesis, valine, leucine, and isoleucine
biosynthesis, carbon fixation in photosynthetic organ-
isms, arginine biosynthesis, and alanine, aspartic and
glutamate metabolism, etc., suggesting that these meta-
bolic pathways may play an important role in the adapta-
tion of HD96-1 to salt stress (Fig. 7C, D). Among them,
the contents of L-isoleucine on the biosynthetic path-
ways of valine, leucine, and isoleucine were significantly
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up-regulated (Supplementary table: S12). The contents of
glucose metabolites in the starch and sucrose metabolic
pathways were significantly down-regulated (Supplemen-
tary table: S12).

Key biological pathways involved in transcriptomic and
metabolomic changes

To better understand the changes in rice physiology
under salt stress, we focused on the link between gene
expression and metabolite changes before and after salt
stress. Some genes encoding key enzymes are involved
in the synthesis of key metabolites as well as degradation
processes in rice, and these genes may be important for
improving salt tolerance in rice. By kegg pathway enrich-
ment analysis of significantly differentially expressed
genes and differential metabolite products after salt
stress. Within IR29 varieties, 17 kegg pathways were sig-
nificantly enriched by differential metabolites, including
starch and sucrose metabolism (ko00500), lysine biosyn-
thesis (ko00300), cysteine and methionine metabolism
(ko00270), and Monobactam biosynthesis, which were
significantly enriched by differentially expressed genes
and differential metabolites (Fig. 8A). Within the HD96-
1 variety, eight kegg pathways were significantly enriched
by differential metabolites, with 2-oxidative carboxyl-
ation showing significant enrichment in transcriptomic
and metabolomic kegg pathway enrichment analyses
(Fig. 8B). In all three significantly enriched kegg meta-
bolic pathways, IR29 amino acid biosynthesis (ko01230),
2-oxocarboxylic acid metabolism (ko01210), valine, leu-
cine, and isoleucine biosynthesis (ko00290), and valine,
leucine, and isoleucine degradation (ko00280), the levels
of isoleucine were all trending significantly upward, and
the isoleucine positively related branched-chain amino
acid aminotransferase 2 (LOC4332151) expression all
showed a significant up-regulation (Fig. 9). Based on tran-
scriptome and metabolome analyses, it was found that
the differentially expressed genes and differential metab-
olites of HD96-1 rice showed significant enrichment in
the 2-oxocarboxylic acid metabolism kegg pathway after
salt stress, which was significantly increased in isoleucine
content, and the expression of branched-chain amino
acid aminotransferase 2 (LOC4332151), which is posi-
tively correlated with isoleucine, was also significantly
up-regulated, which was consistent with the trend of the
IR29 rice in isoleucine and branched-chain amino acid
transaminase 2 in IR29 rice. Transcriptome and metabo-
lome data showed that the differentially expressed genes
and differential metabolites of HD96-1 under salt stress
were significantly enriched in both starch and sucrose
metabolism pathways, with transcriptome data show-
ing that B-glucosidase (B-glucosidase, EC3.2.1. 21) was
significantly up-regulated on this pathway, and metabo-
lome data showed that starch and sucrose metabolism
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pathways were significantly enriched and glucose content
on this pathway was significantly decrease (Fig. 10).

Discussion

Salt stress leads to the waste of a large amount of land
resources and also caused huge economic losses globally
[28]. Therefore, improving salt tolerance in rice is impor-
tant for solving the problem of food security. In this
study, through the transcriptome, metabolome, morph-
physiological characteristics, we deeply investigated

the salt tolerance mechanism of the HD96-1 rice vari-
ety under salt stress considering key related genes, and
important metabolites of salt stress [29].

Effect of salt stress on photosynthesis metabolism of rice

Previous studies have demonstrated that salt stress causes
a decrease in photosynthetic efficiency and inhibits plant
growth by reducing chlorophyll content, decreasing pho-
tosynthetic gas exchange parameters, and producing
photoinhibition [30, 31]. The present study is consistent
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Fig. 10 HDY6-1 differential genes and differential metabolites co-enrich starch and sucrose metabolic pathways under salt stress

with previous studies [30]. Previous studies showed that
under salt stress, various plants species have the ability
to improve photosynthetic efficiency by increasing pho-
tosynthetic pigments, carbon metabolism, or decreas-
ing the photoinhibition index [29, 32]. The expression
of CHLH, PORA, and PORB were significantly down-
regulated in IR29 after salt stress, and these enzymes
positively regulated chlorophyll synthesis [33, 34]. Mag-
nesium chelatase (CHLH) promotes the insertion of
Mg*" into protoporphyrin during chlorophyll synthesis
[35]. During light, PORA transient expression promotes
chlorophyll synthesis, and PORB was present for long
periods of time throughout plant development and pro-
motes the synthesis of large amounts of chlorophyll [34,
36]. Under salt stress, the expression of several related
control genes of chlorophyll a and chlorophyll b synthase
of IR29 was significantly down-regulated (Supplementary
table: S4), which inhibited the synthesis of chlorophyll a
and chlorophyll b, and ultimately reduced the photosyn-
thetic efficiency [37]. The expression of several related
control genes of chlorophyll a and chlorophyll b synthase
of HD96-1 did not undergo significant changes.

The chlorophyll fluorescence index, Fv/Fm, was uti-
lized as a photoinhibition index to reflect the efficiency
of light energy conversion in PSII active centers [38]. In
this study, the Fv/Fm of IR29 under salt stress was lower
than that of HD96-1 under salt stress. These results indi-
cated that salt stress affected PSII of IR29 more severely

than HD96-1. The light-harvesting pigment-protein com-
plex (LHCH II) of photosystem II is mainly composed
of six pigment-protein complexes, which are formed by
proteins and pigments encoded by six genotypes, namely,
Lhcbl, Lhcb2, Lhcb3, Lhcb4, LhcbS, and Lhcb6, respec-
tively [39, 40]. Previous studies had demonstrated that
grapevine protects itself from salinity stress by signifi-
cantly down-regulating LHCHII-related genes, reducing
light energy uptake by the light-harvesting pigment pro-
tein complexes, and mitigating photoinhibition in order
to protect grape plants under salinity stress [41, 42]. IR29
in this study alleviated photoinhibition by significantly
down-regulating Lhcb expression (Supplementary file:
S5) after salt stress, which is in agreement with the results
of previous studies [43]. Corresponding gene expres-
sion of HD96-1 showed non-significant changes. These
also proved that under salt stress, HD96-1 showed lower
photoinhibition, less impaired photochemical conversion
efficiency of the PSII protein complex, higher chlorophyll
content, and higher photosynthetic efficiency, which ulti-
mately resulted in higher salt tolerance for HD96-1 [44].
Low concentrations of glucose stimulate plant growth
and high concentrations of glucose inhibit growth by
inhibiting photosynthesis in plants [45, 46]. The large
amount of sugar accumulated in plants under salt stress
also inhibits normal photosynthesis and slows plant
growth [46]. Previous studies have shown that ethyl-
ene alleviates the inhibition of photosynthesis by salt
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stress by reducing the sensitivity of plants to glucose
[47]. In this study, the content of glucose metabolites
on the starch and sucrose metabolic pathways of HD96-
1 decreased significantly under salt stress, thus allevi-
ating the inhibition of HD96-1 photosynthesis by salt
stress, which is consistent with the results of previous
studies [47, 48], but the specific regulatory mechanisms
still need to be further explored. In addition, the genes
related to the control of B-glucosidase (EC 3.2.1. 21) on
starch and sucrose metabolic pathways were signifi-
cantly up-regulated. Previous studies demonstrated that
[-glucosidase plays an important role in plant resistance
to salt stress [49]. B-glucosidase is inhibited by the reac-
tion product glucose [50]. The glucose content of HD96-
1 was significantly decreased under salt stress, and the
inhibitory effect on p-glucosidase was weakened, so the
gene expression of PB-glucosidase was significantly up-
regulated, which ultimately improved the tolerance of
HDY6-1 rice to salt stress. However, the specific regula-
tory mechanism of B-glucosidase in HD96-1 rice to salt
stress is not clear and still needs to be further explored.
B-glucosidase in IR29 rice did not undergo the relevant
response under salt stress.

Effect of salt stress on antioxidant metabolism of rice
Prolonged salt stress leads to oxidative stress injury
through excessive ROS production by plants [51]. ACX4
(acyl-CoA oxidase) is the rate-limiting enzyme in the per-
oxisomal B-oxidation pathway encoding ultra-long-chain
fatty acids and a major producer of H,O, [52, 53]. The
results of transcriptome studies showed that the related
control genes (LOC4340976; OSNPB_060347100; ACX4)
of HD96-1 acyl-coenzyme A oxidase 4(ACX4) showed a
significant decreasing trend under salt stress, and there
was no significant change in the expression of peroxi-
some-related control genes in IR29 rice. The results of
physiological studies showed that the H,O, content of
HDY6-1 was significantly lower than that of IR29 under
salt stress. We suggest that HD96-1 inhibits hydrogen
peroxide (H,O,) synthesis and prevents oxidative damage
caused by excessive accumulation of H,0, by down-reg-
ulating the expression of ACX4 [54].

Effect of salt stress transcription factors of rice

The expression of the PHLHI53 transcription factor-
related gene (LOC4336261, OSNPB_040493100) of
HDY6-1 was significantly decreased, and the expres-
sion of the corresponding gene of IR29 was significantly
increased under salt stress. bHLH family proteins play
important roles in plant stress responses [55, 56]. The
bHLHG61 gene in Arabidopsis thaliana was characterized
as a negative regulator in response to salt and drought
stress [57]. Under salt stress, sorghum inhibited ABA and
growth hormone signaling pathways by down-regulating
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SbbHLHS85, which appropriately reduced the number
and length of root hairs, decreased Na" uptake by the
root system, and improved resistance to salt stress [58].
bHLH153 may act as a negative regulator in response to
salt stress. Under salt stress, HD96-1 resisted salt stress
by down-regulating bHLHI153 gene expression, but the
exact regulatory mechanism is not clear and still needs to
be further explored [57].

Under salt stress, LOC4333197 (ZFP36) was signifi-
cantly down-regulated 32.86-fold in IR29 (Supplemen-
tary table: S15) and up-regulated 3.8-fold in HD96-1.
This gene belongs to the C2H2 transcription factors. The
C2H2 zinc finger protein (ZFP) gene family plays impor-
tant roles in plant responses to abiotic and biotic stresses,
plant growth and development, and hormone signal-
ing [59, 60]. Expression of zinc finger proteins in Arabi-
dopsis thaliana enhances plant adaptation to salt stress
and the proportion of green cotyledons under salt stress
conditions [61]. HD96-1 improves its own salt toler-
ance by increasing ZFP36 gene expression under salt
stress, which may also be one of the reasons why HD96-
1 is more salt-tolerant than IR29. But the exact regula-
tory mechanism is not clear and still needs to be further
explored.

Effect of salt stress on the osmoregulation of rice

Salt stress can cause osmotic stress in plant cells [62].
Many plants can maintain a stable osmotic pressure
through solutes that can be fused to each other and pro-
tect proteins from degradation through osmoregulation
[8]. The control genes related to branched-chain amino
acid aminotransferase 2 and branched-chain amino acid
aminotransferase 4 in the valine, leucine, and isoleucine
pathways were significantly up-regulated under salt stress
in both IR29 and HD96-1, and the content of isoleucine
was significantly elevated in all of them. Among them, the
elevated isoleucine content of HD96-1 was much higher
than that of IR29. Branched-chain amino acid transami-
nase (BCAT) catalyzes the final step in the synthesis of
isoleucine [63]. Isoleucine can be used as an osmoprotec-
tant and energy source to alleviate osmotic stress, thereby
improving salt tolerance in rice [64]. Physiological results
showed that the electrolyte leakage of both HD96-1 and
IR29 was significantly increased under salt stress, but
the amount of change in HD96-1 was smaller than that
in IR29. This may be due to the fact that the accumula-
tion of isoleucine in HD96-1 was more than that in IR29,
which alleviated osmotic stress, which is in agreement
with the previous findings [65]. And this may also be one
of the reasons why HD96-1 was more salt-tolerant.

Salt stress also affects myo-inositol galactosides, raf-
finose, and stachyose, while many of them have been
recognized as osmotic factors in the cytoplasm of
plants under salt stress [8]. The related control genes of
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galactinol synthase 2 (LOC4344351; OSNPB_070687900)
were significantly up-regulated in both HD96-1 and
IR29 under salt stress, but the expression was more up-
regulated in HD96-1. Raffinose family oligosaccharides
(RFOs) are a family of soluble carbohydrates that are
important for plant growth and development and abi-
otic stress tolerance [66]. Galactinol synthase (GolS, EC:
2.4.1.123) is a key enzyme involved in RFO biosynthe-
sis [67]. GolS transfers galactosyl moieties to myo-ino-
sitol to generate galactinol, which forms raffinose and
hydrastarch glycosides [68], thereby enhancing its own
resistance to salt stress [69]. HD96-1 significantly up-reg-
ulated the relevant control genes of galactoside alcohol
synthase 2 (LOC4344351; OSNPB_070687900) under salt
stress, thereby resisting salt stress. This is in agreement
with previous studies.

Effect of salt stress on the ionic homeostasis of rice

In plant responses to salt stress, ionic homeostasis such
as Na* and K* is critical for maintaining cytoplasmic
enzyme activities, membrane potential, and the proper
osmotic pressure of the cell [64]. The Na*/H" antiport-
ers (NHXs) play pivotal roles in intracellular Na* excre-
tion and vacuolar Na™ compartmentalization, which are
important for plant salt stress resistance [20]. Previous
studies have shown that NHX4 expression in okra was
significantly reduced under salt stress, and the results
of this experimental study are consistent with the previ-
ous study [70]. IR29 was significantly down-regulated by
about 5-fold in the expression of the LOC9270505 gene
(P0592B08.3) upon salt stress (Supplementary table: S15),
and the expression of the corresponding gene of HD96-
1 did not undergo a significant change. LOC9270505
belongs to the vesicular membrane NHX [71]. Vesicular
membrane NHX mainly compartmentalizes excess Na*
in the cytoplasm of the vesicles. We examined the Na*
content of IR29 and HD96-1 after salt stress and found
that the sodium content of HD96-1 was lower compared
with IR29 after salt stress. This may be due to the fact that
the expression of the gene controlling the vesicular mem-
brane Na*/H" retrotransporter protein was more stable
in HD96-1 than in IR29 under salt stress, thus maintain-
ing the function of Na" vesicle compartmentalization and
preventing excessive accumulation of Na*, which affects
rice growth.

Effect of salt stress on ABA content of rice

The CYP707A gene encodes an ABA 8 ‘-hydroxylase
associated with fruit ripening and abiotic stress responses
[72]. The catabolic process of abscisic acid is mainly per-
formed by ABA 8’-hydroxylase, which plays an important
role in the catabolism of abscisic acid [73]. Silicon has
been reported to improve salt resistance by enhancing
ABA biosynthesis and water channel protein expression
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in tobacco [74]. CYP707A7 (abscisic acid 8'-hydroxylase
3-like; LOC4347261) was significantly down-regulated
in HD96-1 and up-regulated in /R29 under salt stress.
By down-regulating CYP707A7 under salt stress, HD96-
1 might inhibit the activity of ABA 8-hydroxylase, thus
inhibiting the catabolic process of ABA and maintaining
the content of ABA to improve the resistance of HD96-1
to salt stress. However, hormone measurements showed
no significant increase in abscisic acid content. This may
be due to the fact that ABA content is controlled by a
combination of mechanisms [74, 75].

Other genes or metabolites associated with rice resistance
to salt stress
The expression of cysteine protease-related control
genes (LOC107280424, OSNPB_030752500) was sig-
nificantly enhanced in both HD96-1 and IR29 after salt
stress, but the expression of HD96-1 was significantly
higher than that of IR29. Cysteine protease is the most
highly induced protease during leaf senescence [76].
When under abiotic stress pressure, cysteine proteases
could avoid over consumption of nutrients by accelerat-
ing the programmed senescence of some organs in the
plant and then transporting them to other organs to
ensure the normal growth and development of plants
under salt stress [77, 78]. HD96-1 significantly up-regu-
lated OSNPB_030752500 expression under salt stress to
improve salt tolerance, which is consistent with previous
studies.

The control genes related to xyloglucan endotrans-

glucosylase/hydrolase  protein 24  (LOC4341942,
OSNPB_060696600) and  xyloglucan  endotrans-
glucosylase/hydrolase  protein 25  (LOC4341944,

OSNPB_060697000) were significantly down-regulated in
HD96-1 and significantly in IR29 after salt stress up-reg-
ulation. As a cell wall-manipulating enzyme, xyloglucan
endotransglycosylase/hydrolase (XTH) plays an impor-
tant role in plant resistance to abiotic stresses [79]. In a
previous study, it was found that a loss-of-function muta-
tion in Arabidopsis xyloglucan endotransglucosylase-
hydrolase30 (XTH30) resulted in salt tolerance [80]. In
this study, OSNPB_060696600 and OSNPB_060697000
acted as negative regulators in response to salt stress.
HDY%6-1 improves its own salt tolerance by down-reg-
ulating the expression of the OSNPB_060696600 and
OSNPB_060697000 genes, but the specific regula-
tory mechanism is still unclear and needs to be further
explored.

Conclusion

Compared with [R29, HD96-1 showed higher chloro-
phyll content, photosynthetic efficiency, more stable Na*/
K", less H,O,, and lower electrolyte leakage under salt
stress. Under salt stress, HD96-1 maintained Na* and
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K* homeostasis under salt stress by up-regulating the
expression of NHX4, mitigated the inhibition of photo-
synthesis under salt stress by decreasing the accumula-
tion of glucose metabolites, mitigated osmotic stress by
increasing the accumulation of isoleucine, and mitigated
the oxidative damage induced by salt stress by down-
regulating the expression of ACX4. IR29 alleviated salt
stress-induced photoinhibition by regulating the absorp-
tion of light energy by the light-harvesting chromo-
phore protein complex (LHCH II), thereby improving
photosynthetic efficiency under salt stress. In this study,
we elucidated the intrinsic molecular mechanisms of
salt-tolerant wild rice HD96-1 and salt-sensitive conven-
tional rice IR29 adapted to salt stress in terms of ion sta-
bilization, photosynthetic efficiency, oxidative stress, and
osmotic stress. This study provides a valuable empirical
data for further research on improving salt tolerance in
rice or breeding new salt-tolerant varieties.

Materials and methods

Experimental materials

Two indica rice types, IR29 (salt-sensitive) and HD96-1
(salt-tolerant), with different genotypes were selected as
test materials. Germplasm resources were provided by
the College of Coastal Agriculture, Guangdong Ocean
University.

Experimental design

The potting experiment was conducted in 2020-2021
in a sunny greenhouse at Guangdong Ocean University,
Zhanjiang City, Guangdong Province, China. We used
natural light as the light source. In the greenhouse, the
daytime and nighttime temperatures were 26+2 °C and
22+2 °C, respectively, and the daytime and nighttime
duration lengths were 10 h and 14 h, respectively, with a
relative humidity of 70% [81]. Fully matured seeds were
selected, then disinfected with 2.5% sodium hypochlo-
rite for 15 min, thoroughly rinsed several times with dis-
tilled water. The seeds were soaked in distilled water for
24 h and germinated in the dark for 24 h at 30 °C. Subse-
quently, 65 seeds were evenly sown in plastic pots (19 cm
in upper diameter, 14 c¢cm in lower diameter, 17 ¢cm in
height, and with holes at the bottom); each pot was filled
with about 2 kg of test soil (the volume ratio of latosol to
sand was 3:1). The rice was treated when it grew to the
stage of one-leaf-one-heart (1.5 leaf, Day 6 after sowing).
A 50 mmol/L NaCl solution was selected to simulate salt
stress, and clear water was used as the control. The pots
were watered every 3 days with the corresponding con-
centration of salt solution or clear water, 0.6 L. In order to
control the salt concentration of the soil in all treatments
of salt stress consistently, the soil salinity was monitored
by the Shunkoda soil tester (TR-6D).
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The experiment was a completely randomized block
design containing two varieties (IR29 and HD96-1) with
two treatments each (CK:0 mM NaCl, S: 50 mM NaCl).
Each treatment had three biological replicates. (1) ICK:
IR29 conventional control treatment; (2) IS: IR29 salt
stress treatment; (3) HCK: HD96-1 conventional con-
trol treatment; and (4) HS: HD96-1 salt stress treatment.
Samples were taken at the two-leaf-one-heart stage (2.5
leaf, Day 5 after salt stress treatment) and at the four-
leaf-one-heart stage (4.5 leaf, Day 18 after salt stress
treatment) to determine the morphology of the plants.
Physiological samples were cut directly from the leaves
of potted plants and stored in liquid nitrogen in a -40 °C
freezer for subsequent physiological and biochemical
analyses.

Measurement items and methods

Measurement of growth indicators

Plant height and root length were measured with a
straightedge; stem base width was measured with vernier
calipers; above-ground fresh weight and above-ground
dry weight were weighed with a universal balance; leaf
area was measured with a leaf area meter (YX-1241);
seedlings were cut into above-ground and below-ground
portions from the base of the stems and were weighed
individually to determine the fresh weights; seedlings
were placed in an oven at 105 °C for 30 min, and then
dried to a constant weight at 80 °C; aboveground and
below-ground portions were measured using a univer-
sal balance; and the dry weight of the aboveground and
underground parts were measured using a universal
balance.

Measurement of photosynthetic gas parameters and
chlorophyll fluorescence in rice

Net photosynthetic rate (Pn), intercellular carbon dioxide
concentration (Ci), transpiration rate (Tr), and stomatal
conductance (Gs) were measured at 9:00-11:00 am on a
sunny day with three replicates for each treatment using
LI-6400XT. Chlorophyll fluorescence parameters were
determined at the 2.5-leaf stage and 4.5-leaf stage using
a chlorophyll fluorometer system (OS5P, OPTI-Sciences,
USA), and before the determination, Fv/Fm and Fv/FO
were measured and calculated after the dark reaction of
rice plants from each treatment for 30 min under dark
conditions [82].

Determination of leaf photosynthetic pigment content

Determination of leaf photosynthetic pigment content:
0.1 g of leaves from each treatment was taken at two-
leaf-one-heart stage (2.5 leaf) and at the four-leaf-one-
heart stage (4.5 leaf), immersed in 10 mL of anhydrous
ethanol, and left at room temperature, protected from
light for 24 h. The photosynthetic pigment content was
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determined by the colorimetric method, and the absor-
bance values at 665 nm, 649 nm, and 470 nm were deter-
mined [83]. The pigment concentration (mg/L) was
calculated according to the following formula:

Chlorophyll a (Chl a) = 13.95D665 — 6.88D649.
Chlorophyll b (Chi b) = 24.96D649 - 7.32D665.

Total chlorophyll content = Chl a + Chl b.

Carotenoid (Car) = (1000 D 470-2.05 Chl
a-111.48 Chl b)/245.

Measurement of ionic indicators

Na* and K* contents were measured during the four-leaf-
one-heart stage (4.5 leaf) of the rice. The rice shoots were
washed with clean water and then dried at 75°C until
attaining a constant weight. the samples were ground
into uniform powder using a tissue grinder. 0.2 g sample
was weighed and subjected to microwave digestion, ash-
ing and other pretreatments to prepare the liquid to be
tested. Na* and K" contents were determined using an
inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Thermo Scientific ICAP 6000 Series).

Determination of membrane damage index

H,0O, contents and electrolyte leakage were measured
during the two-leaf-one-heart stage (2.5 leaf) and the
four-leaf-one-heart stage (4.5 leaf) of the rice. H,0O, was
determined with reference to the method described by
Bates et al. [84]. Electrolyte leakage was determined with
reference to the method described by Belkhadi et al. [85].

Extraction and determination of endogenous hormone

A total of 50 mg of the ground sample was weighed, and
10 pL of the internal standard mixing solution at a con-
centration of 100 mg/mL and 1 mL of methanol/water/
formic acid (15:4:1, v/v/v) extractant was added and
mixed well; the samples were vortexed for 10 min, and
then centrifuged for 5 min at 4 oC, 12,000 r/min. And the
supernatant was concentrated in a new centrifuge tube.
After concentration, the extract was reconstituted with
100 pL of 80% methanol/water solution, passed through a
0.22 pm filter membrane, and put into the injection bottle
for LC-MS/MS analysis. Data acquisition was performed
using ultra-performance Performance Liquid Chroma-
tography (UPLC) [86]. A MWDB (Metware Database
v5.0) database was constructed based on the standards to
qualitatively analyze the data detected by mass spectrom-
etry. The quantification was accomplished by analysis
using the Multiple Reaction Monitoring (MRM) mode of
triple quadrupole mass spectrometry. Analyst 1.6.3 soft-
ware was used to process the mass spectrometry data.
There were three biological replicates for each treatment.
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Total RNA isolation and transcriptome analysis

IR29 and HDY96-1 were selected as experimental rice,
and the penultimate fully expanded leaf of rice from CK
treatment and S treatment was sampled after the 24 h of
the end of all treatments, with three biological replica-
tions for each treatment. In this experiment, RNA was
extracted from rice leaves by ethanol precipitation using
the CTAB-PBIOZOL reagent. Total RNA was analyzed
qualitatively and quantitatively using a Drop and Agilent
2100 Bioanalyzer (Thermo Fisher Scientific, MA, USA)
[87]. Clean reads were obtained using SOAPnuke [88].
The clean reads were then compared to the reference
gene sequences using Bowtie2 to obtain the comparison
results. Differentially expressed genes with|Log2FC>1|,
P<0.05 were screened using Phyper and analyzed by
KEGG.

Real-time fluorescence quantitative PCR (qRT-PCR)
validation

In order to verify the reliability of the RNA sequencing
data, real-time fluorescence quantitative polymerase
chain reaction (RT-qPCR) was used for the expression of
seven randomly selected differentially expressed genes in
the transcriptome and the internal reference gene UBQ5.
There were three biological replicates (Supplementary
table: S1) for each gene.

Metabolite extraction

The same materials were used for metabolite analysis
and the transcriptome. Three replicates were processed
for each sample. Each sample was placed in an Eppen-
dorf tube after grinding at 50 Hz for 5 min with a tis-
sue grinder (JXFSTPRP) and ultrasonicated in a water
bath at 4 °C for 30 min, followed by refrigeration at
-20 °C for one hour. The samples were then centrifuged
for 15 min (14,000 RPM Centrifuge Centrifuge (5430))
using a 0.22 m y membrane filter following LC-MS analy-
sis. In this project, the LC-MS/MS technology was used
for non-targeted metabolomics analysis, and the raw
mass spectrometry data (raw files) were collected using
LC-MS/MS and imported into Compound Discoverer 3.1
(Thermo Fisher Scientific, USA) for data processing, as
well as the Metabolome Information Analysis Process for
data preprocessing, statistical analysis, metabolite clas-
sification annotation, and functional annotation. Three
biological replicates for each treatment.

Statistical analysis

Means and standard deviations were calculated using
IBM SPSS Statistics 26, and a one-way analysis of vari-
ance (ANOVA) was performed. This was followed by
Duncan’s multiple-range test. p<0.05 was considered
a significant difference. Graphs were plotted in the year
2021.
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