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Abstract
Water spinach (Ipomoea aquatica Forsk.) is an important leaf vegetable affected by salt stress, however, little 
is known about its salt adaption mechanism. Here, we integrated physiomics, ionomics, transcriptomics, and 
metabolomics to analyze the root adaptation response of two water spinach varieties, BG (salt-tolerant) and MF 
(salt-sensitive), at 150 mM NaCl. The results showed that compared with MF, BG significantly reduced the content 
of malondialdehyde (MDA) and H2O2, and increased catalase (CAT) activity and proline content. Ionome analysis 
demonstrated that BG significantly reduced Na+ accumulation and increased K+ level to reduce the toxicity of 
Na+, compared to MF. Weighted gene co-expression network analysis (WGCNA) revealed that key transcription 
factors such as HSFA4A, bHLH093, and IDD7, which were only up-regulated in BG. Multi-omics revealed that 
BG reprogrammed key pathways: starch and sucrose metabolism, as well as galactose metabolism, leading to 
decreased amylose production and increased sucrose and galactose levels, helping to maintain cellular osmotic 
balance in response to salt stress. These findings provide insight into transcriptional regulation in response to salt 
stress, which could advance the genetic enhancement of water spinach.

Highlights
	• BG had stronger osmotic regulation ability and ROS scavenging capacity.
	• BG elevated expression of Na+ efflux and K+ transporter genes decreased Na+ toxicity and balanced Na+/K+ 

homeostasis.
	• Starch and sucrose metabolism and galactose metabolism were the key metabolic pathways in the salt 

tolerance in BG.
	• Increased sucrose and stachyose enhanced the salt resistance in BG.
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Introduction
Worldwide, over 20% of agricultural land, which amounts 
to 10 billion hectares, is impacted by salinity [1]. This fig-
ure is increasing as a result of climate change and poor 
irrigation and fertilizer management [2, 3]. Soil salin-
ity is a primary abiotic stress factor that hinders plant 
growth and development, leading to decreased crop 
yields and significant economic losses [4–6] In saline 
soils, plants experience osmotic stress, oxidative stress, 
and ionic stress [7]. Plants respond to oxidative stress 
caused by salt stress by increasing the activity of oxi-
dases, scavenging reactive oxygen species (ROS), such 
as peroxidase (POD), ascorbate peroxidase (APX), and 
CAT [8]. Maintaining Na+/K+ balance and accumulat-
ing osmoprotective agents are common strategies for 
survival under ionic and osmotic stress in plants [9, 10], 
and the common osmoprotective agents are proline and 
soluble sugar [11]. In addition, studies have shown that 
starch and sucrose metabolism are also involved in salt 
stress adaptation in plants [12]. Starch is catalyzed by 
β-amylase (BAM), and the sugars and some derived 
metabolites released by it act as osmoprotective agents 
and compatible solutes to reduce osmotic stress [13], and 
also participate in sugar signal transduction as signal-
ing molecules, such as sucrose (Suc) itself, glucose (Glc), 
fructose (Fru), and trehalose-6 phosphate (T6P) [14, 15]. 
Sugars, when used as signaling molecules, also interact 
with auxin signaling pathways and activate downstream 
signaling pathway [16] The findings demonstrated that 
the salt stress response mechanism is coordinately mod-
ulated by an array of signaling molecules, encompass-
ing phytohormones, with auxin emerging as a pivotal 
regulator in this intricate network [17]. Under salt stress 
conditions, pronounced alterations in plant growth and 
development were observed, underscoring the critical 
physiological role of auxin in this adaptive process [18]. 
Notably, an antagonistic interplay was identified between 
auxin-mediated lateral root development and its growth-
inhibitory effects elicited under high salinity conditions 
[19]. In addition, salicylic acid (SA) can improve plant 
salt tolerance by enhancing the antioxidant system and 
the synthesis of osmotic substances and promoting pho-
tosynthesis in plants [20].

With the widespread use of various omics, multiomics 
has also been used to study the tolerance mechanism of 
plants to salt stress. A multi-omics approach can provide 
insight into different levels in order to better understand 
the complex molecular network behind plant abiotic 
tolerance mechanisms [21, 22]. For example, integra-
tive transcriptomics and metabolomics revealed that 

glutathione metabolism plays a crucial role in tomato 
salt stress adaptation [23]. In addition, it is also used in a 
variety of crops, such as oats [24], soybeans [25], peppers 
[26], etc.

Water spinach (Ipomoea aquatica Forsk.), adaptable to 
grow both in water and soil, is a key vegetable in South-
east Asia, China, and India [27–29]. By 2023, following 
the initial genome assembly of water spinach in 2021 
[30], notable enhancements to the genome were realized 
[31], facilitating transcriptome sequencing. Water spin-
ach is a glycophyte crop [32]. There are in-depth stud-
ies on the salt tolerance of water spinach, mainly at the 
physiological and transcriptional levels. However, there 
are few studies on the combined analysis of metabolo-
mics and transcriptomics of water spinach under salt 
stress. In this study, we selected 2 cultivars of water spin-
ach, BG (salt-tolerant) and MF (salt-sensitive), from a 
total of 59 cultivars based on their salt tolerance. A thor-
ough comparison and systematic analysis of the root of 
both salt-tolerant and salt-sensitive genotypes under salt 
stress were conducted using the combination of physi-
ological, ionomic, transcriptomic, and metabolomic. The 
results of this study aimed to provide important insights 
for improving salt resistance in water spinach and to lay 
a strong groundwork for future vegetable enhancement 
initiatives.

Results
Comprehensive salt-tolerance evaluations of 59 water 
spinach cultivars
Based on a correlation analysis (Table S3), 19 relative 
traits showed a distinct degree of correlation with each 
other. Therefore, principal component analysis (PCA) 
was performed on 19 relative traits, and they were trans-
formed into 4 independent principal components based 
on a cumulative contribution rate of more than 80% 
(Table S4). Salt tolerance comprehensive evaluation 
analysis classified 59 water spinach species into 3 groups, 
i.e., salt-tolerant, medium salt-tolerant, and salt-sensitive 
(Table S5).

Morphological traits and physiological indicators in two 
varieties
Based on salt-tolerant germplasm screening studies in 
water spinach, we selected salt-tolerant cultivar BG and 
salt-sensitive cultivar MF (Fig. 1A and Table S5). After 7 
days of salt stress, typical symptoms in MF, such as yel-
low, brown, and curly leaves, were observed, while the 
leaves in BG remained unchanged (Fig.  1A). Compared 
to the control group (CK), the root system in MF was 
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significantly weaker, while the root system of BG was 
stronger. Root phenotypic analysis revealed that the total 
root length (TRL), root volume (RV), root surface area 
(RSA), and average root diameter (ARD) in MF were sig-
nificantly lower than those in BG (Fig. 1B-E). Addition-
ally, a physiology analysis of water spinach roots under 
salt stress was performed. The proline content increased 
slowly in MF but sharply in BG, with BG showing sig-
nificantly higher proline levels (Fig.  1F). The activity of 
CAT in BG sharply increased and remained significantly 
higher than in MF (Fig.  1G), and the activity of POD, 
APX, and glutathione reductase (GR) increased upon 
salinity condition in both cultivars (Fig. S1A–C). The 
MDA content decreased in BG and was notably lower 
than in MF under salt stress (Fig.  1H). The superoxide 
anion (O2•−) production rate was significantly higher in 
MF compared to BG at 6 h after salt stress (Fig. 1I). The 
H2O2 content continued to increase in MF, while in BG 

it increased slowly and then decreased, with BG showing 
significantly lower H2O2 levels than MF (Fig. 1J).

Ion level changes in two varieties
An ion dynamics analysis in water spinach roots under 
salt stress revealed interesting patterns of Na+, K+, Ca2+, 
and Mg2+ levels. At 6 and 12 h post-salt exposure, a sig-
nificant increase in Na+ ion levels occurred in the roots 
of both varieties. However, BG demonstrated superior 
efficacy in managing Na+ concentrations, keeping sig-
nificantly lower levels of Na+ compared to MF (Fig. 2A). 
Conversely, K+ levels decreased significantly in both MF 
and BG, with BG exhibiting higher K+ content com-
pared to MF at 6  h under salt stress (Fig.  2B). The lev-
els of Ca2+ and Mg2+ showed similar trends, decreasing 
in BG but initially decreasing and then increasing in MF. 
Despite these alterations, Ca2+ and Mg2+ concentrations 
remained significantly elevated in MF as opposed to BG, 

Fig. 2  Contents of Na+ (A), K+ (B), Ca2+ (C), and Mg2+ (D) were determined in the roots of MF and BG after 0, 6, 12 h salt treatments. Vertical bars indicate 
the mean standard error. Ns indicates no significant difference, and * and **** indicate significant differences between MF and BG at P < 0.05 and P < 0.001 
by the One-Way ANOVA test

 

Fig. 1  Morphological changes and physiological responses MF (salt susceptible) and BG (salt tolerant) under salt stress. (A) Morphological traits in MF and 
BG, (B) Total root length (cm), (C) Root volume (cm3), (D) Root surface area (cm2), (E) Average root diameter (mm), (F) Proline content (µg g− 1 FW), (G) CAT 
activity (U g− 1 FW), (H) MDA content (mmol g− 1 FW), (I) O2•− production rate (nmol g− 1 min− 1), (J) H2O2 content (µmol g− 1 FW). Vertical bars indicate the 
mean standard error. Ns indicates no significant difference, and ** and **** indicate significant differences between MF and BG at P < 0.01 and P < 0.001 
by the One-Way ANOVA test
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with the Ca2+ levels in MF registering at 1.82 times the 
amount observed in BG at 12 h of salt stress (Fig. 2C and 
D).

Comparing transcriptome analysis in two varieties
Transcriptome sequencing was conducted on a total of 
18 root samples (2 cultivars, 3 treatments, and 3 biologi-
cal replicates). A total of 123.03 Gb of clean data was gen-
erated with an average of 6.84 Gb of clean data for each 
sample. The Q30 base percentage exceeded 96.85% (Table 
S6). In the PCA, the first principal component (PC1) and 
the second principal component (PC2) explained 36.3% 
and 20.4% of the variation (Fig.  3A). The samples were 
separated based on salt treatment time along PC1 and 
by water spinach cultivars along PC2. Correlation analy-
sis uncovered that the correlations between the 3 repli-
cates were 1, showing the reliability of sequencing data 
(Fig. 3B).

To identify DEGs, pairwise comparisons were con-
ducted, including MF0 vs. MF6, MF0 vs. MF12, MF6 vs. 
MF12, BG0 vs. BG6, BG0 vs. BG12, and BG6 vs. BG12. 
Among these comparisons, more DEGs were found in 
BG (Fig. 3C), suggesting that the response of gene expres-
sion to salt stress was more pronounced in BG. Based on 
the overall number of DEGs, MF0 vs. MF6 and BG0 vs. 
BG6 comparisons were focused on for further analysis. 
A Venn diagram illustrated that 4,096 DEGs were shared 
between MF and BG, while 1,106 and 1,946 DEGs were 
unique to MF and BG respectively (Fig. 3D).

KEGG analyses were conducted on the 4,096 com-
mon DEGs (Fig. 3E). KEGG analysis revealed significant 
enrichment in the biosynthesis of secondary metabolites 
(ko01110), metabolic pathways (ko01100), starch and 
sucrose metabolism (ko00500), and phenylpropanoid 
biosynthesis (ko00940) (Fig.  3E). Furthermore, KEGG 
analyses were performed on the unique DEGs in MF 
and BG (Fig. S2). In the KEGG analysis, unique genes 

Fig. 3  Transcriptome analysis of MF and BG under salt stress. (A) PCA of 18 samples, (B) Correlation analysis of 18 samples, (C) The numbers of DEGs in 
the different comparison groups, (D) Venn analysis of DEGs in MF0 vs. MF6 and BG0 vs. BG6: MF0 samples at 0 h, MF6 samples at 6 h, BG0 samples at 0 h, 
BG6 samples at 6 h. (E) KEGG analysis of 4096 common DEGs
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in MF were significantly enriched in flavonoid biosyn-
thesis (ko00941) and glutathione metabolism (ko00480) 
(Fig. S2A), while unique genes in BG were remark-
ably enriched in plant hormone signal transduction 
(ko04075), phenylpropanoid biosynthesis (ko00940), and 
MAPK signaling pathway (ko04016) (Fig. S2B).

Ion transportation in two varieties
In the comparisons MF0 vs. MF6 and BG0 vs. BG6, a 
total of 53 DEGs were identified, which predominantly 
included 4 Na+ transporters, 18  K+ transporters, and 
21 Ca2+ transporters (Table S7). These genes exhibited 
expression patterns under salt stress (Fig. 4). Specifically, 
about Na+ transporters, NXH6 (Iaqu.ptg000021l.g503) 
and HKT1:3 (Iaqu.ptg000014l.g986) were induced 
in 2 cultivars. Concerning K+ transporters, SKOR 
(Iaqu.ptg000031l.g490) showed induction at 6  h post-
salt stress, with higher expression levels observed in BG. 
ILK1 (Iaqu.ptg000017l.g126) exhibited up-regulation in 
BG but down-regulation in MF. Among the 4 TOP genes 
that were upregulated, TOP2 (Iaqu.ptg000023l.g792) 
displayed higher expression levels in BG. Notably, 
TOP5 (Iaqu.ptg000008l.g837) was upregulated in MF 
but down-regulated in BG under salt stress. In terms of 
Ca2+ transporters, 9 genes were induced at 6  h under 
salt stress, with higher expression levels observed in 
BG, such as CNGC1 (Iaqu.ptg000017l.g24), CALM1 
(Iaqu.ptg000004l.g511), CML2 (Iaqu.ptg000011l.g1598), 
and CML48 (Iaqu.ptg000006l.g705). Con-
versely, CML25 (Iaqu.ptg000026l.g71) and CML39 
(Iaqu.ptg000006l.g770) were up-regulated in BG but 
down-regulated in MF. Additionally, regarding Mg2+ 
transporters, MRS23 (Iaqu.ptg000011l.g230) was 

induced in 2 cultivars. Furthermore, 8 DEGs involved 
in transporting Na+, K+, Ca2+, and Mg2+ displayed 
distinct expression patterns. For instance, CIPK24 
(Iaqu.ptg000014l.g803), NAKR1 (Iaqu.ptg000018l.g662), 
TSC10A (Iaqu.ptg000008l.g1159), and MYB36 
(Iaqu.ptg000020l.g12600) showed up-regulation, with 
NAKR1, TSC10A, and MYB36 demonstrating higher 
expression levels in BG (Fig. 4).

Hormone signaling in two varieties
We identified 39 DEGs related to hormone signal-
ing in water spinach under salinity stress (Table S8), 
and their expression patterns were analyzed (Fig.  5). 
In ABA signaling, ABI1 (Iaqu.ptg000001l.g1089) and 
PYL3 (Iaqu.ptg000017l.g28) transcripts exhibited a sig-
nificant increase with 7.9-fold and 9.2-fold in BG, but 
3.8-fold and 5.7-fold in MF under salinity conditions 
respectively (Fig.  5). Moreover, 4 genes related to SA 
signaling exhibited a higher degree of up-regulation 
in BG, such as two TGA genes (Iaqu.ptg000012l.g994 
and Iaqu.ptg000024l.g210) and two PR1 genes 
(Iaqu.ptg000011l.g241 and Iaqu.ptg000014l.g1106) 
(Fig. 5).

Construction and analysis of the weighted gene 
co-expression networks
DEGs in MF and BG were examined through WGCNA, 
utilizing physiological indicators as the trait file (Fig.  1 
and 2). 16 modules were generated, with the turquoise 
module (5571) having the highest number of DEGs, 
whereas the midnightblue module (95) had the small-
est amount (Fig. 6A and S3). Out of the 16 modules, the 
black module showed a significant correlation with CAT, 

Fig. 4  The DEGs expression piles of Na+, K+, Ca2+, and Mg2+ transporters in MF and BG under 0, 6, and 12 h salt treatments
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MDA, and Ca2+, while the cyan module had a notable 
correlation with proline and O2•−. The black module 
contained 725 genes that were significantly associated 
with CAT (correlation coefficient of 0.86), MDA (-0.91). 
Similarly, the blue module included 143 genes that had 
a significant relationship with proline (0.89) and O2•− 
(-0.83). The DEGs in the black and cyan modules exhib-
ited increased expression levels under salt stress in BG 
(Fig.  6B), especially at 12  h. Genes from both modules 
were chosen for further investigation.

Additionally, a total of 23 and 2 transcript factor (TF) 
genes were in blue and cyan module respectively (Table 
S9). A co-expression network between TF genes and 
other genes was constructed based on their expression 
correlation coefficient over 0.9 (Fig. 11). Within the black 
module, 23 TFs were found to interact with 113 struc-
tural genes, exhibiting varying quantities and degrees of 
interactions. Notably, bHLH93 (Iaqu.ptg000005l.g441) 
displayed interactions with 32 genes, followed by 
HSFA4A (Iaqu.ptg000002l.g582) with 31 genes, IDD7 
(Iaqu.ptg000004l.g1874) with 23 genes, MYB306 
(Iaqu.ptg000007l.g716) with 20 genes, and NAC82 
(Iaqu.ptg000018l.g1481) with 3 genes. Additionally, 
bHLH93 demonstrated strong interactions with U74E2, 
PCR2, and ERCC1; HSFA4A strongly interacted with 
LTP4.1, CIPK25, and SCP17; IDD7 exhibited strong inter-
actions with UVR8, PPA1, and EF2; MYB306 displayed 
strong interactions with CUAOZ, VAP42, and PCR2; 
while NAC82 had a strong interaction with CAMT. In 
the cyan module, WLIM1 (Iaqu.ptg000003l.g1237) and 
ANL2 (Iaqu.ptg000022l.g452) transcript factors were 
found to interact with 12 and 3 structural genes respec-
tively. Specifically, WLIM1 exhibited strong interactions 

with PBL10, PGLR2, and LOX11, while ANL2 strongly 
interacted with PGLR2.

Metabolomic response of water spinach roots under salt 
stress
A total of 4,243 metabolites were identified in root sam-
ples, categorized into 21 classes (Fig. 7A). The most prev-
alent were amino acids and their derivatives, comprising 
1,334 metabolites, followed by organic acids with 495. To 
improve the reliability of the experimental data and find-
ings, three repetitions were conducted for each group. 
In the PCA, PC1 and PC2 accounted for 30.95% and 
19.71% of the variation, respectively. PC1 distinguished 
the 18 samples based on variety, while PC2 differentiated 
them by treatment (Fig. 7B). Hierarchical cluster analysis 
(HCA) indicated that the samples from the same cultivar 
grouped together, while samples collected at different 
times from both cultivars were separated (Fig. 7C).

In the MF analysis, 663 differentially abundant metabo-
lites (DAMs) were identified, with 361 being up-regu-
lated and 361 down-regulated, when comparing MF0 to 
MF6, and 572 DAMs were found in the comparison of 
MF0 to MF12, consisting of 283 up-regulated and 289 
down-regulated metabolites (Fig.  8A). For the BG anal-
ysis, 575 DAMs were identified between BG0 and BG6, 
with 302 up-regulated and 273 down-regulated, and 
611 DAMs were found between BG0 and BG12, includ-
ing 260 up-regulated and 351 down-regulated (Fig.  8B). 
K-MEAN analysis categorized a total of 2060 DAMs into 
five subclasses (Fig. 8C). Subclass 5 had the highest num-
ber of metabolites (543), while subclass 3 had the fewest 
(241). Aside from subclass 5, the metabolites in both spe-
cies exhibited similar patterns in the other subclasses. In 
both cultivars, the up-regulated metabolites at 6 and 12 h 

Fig. 5  The DEGs expression piles of hormone signaling in MF and BG under 0, 6, and 12 h salt treatments. PP2C, protein phosphatase 2 C; PYL, pyrabactin 
resistance; ARF, Auxin response factor; NPR1,nonexpressor of pathogenesis-related genes 1; PR1, pathogenesis related protein 1; AHP, histidine-containing 
phosphotransmitters; AUX1, AUXIN1; IAA, auxin/indole-3-acetic acid; SAUR, small auxin-up RNA; ERS, endoplasmic reticulum stress; BRI1, brassinosteroid 
Insensitive 1; CYCD3, D-type cyclins 3; JAZ, jasmonate ZIM-domain
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primarily included amino acids and their derivatives, 
organic acids, and flavonoids at 12  h (Table S10). Venn 
analysis indicated that there were 417 DAMs unique to 
MF, 329 unique to BG, and 246 shared between MF and 
BG from 0 to 6 h (Fig. 8D). A heat map cluster analysis 
of the 246 shared DAMs revealed two distinct groups 
(Fig.  8E). Group I, which included 137 metabolites, 
showed an increase in content during salt stress in both 
cultivars, primarily consisting of amino acids and deriva-
tives, as well as organic acids. In contrast, Group II con-
tained 109 metabolites that decreased in content during 
salt stress, with the main metabolites being amino acids, 
derivatives, and GP.

Integrative transcriptome and metabolome analysis under 
salt stress
Log2-converted data for DEGs and DAMs were chosen 
based on a Pearson’s correlation coefficient (PCC) more 

than 0.8. Nine quadrant diagrams were created to illus-
trate the changes in DAMs and their related DEGs in 
response to salt stress (Fig. S4). These diagrams displayed 
unchanged DAMs alongside up-regulated or down-
regulated DEGs and unchanged DEGs with upregulated 
or downregulated DAMs in quadrants 2, 4, 6, and 8. As 
depicted in Figure S4, quadrant 3 contained 2,381 DEGs 
linked to 269 DAMs in the comparison of MF0 vs. MF6, 
and 2,868 DEGs associated with 268 DAMs in the com-
parison of BG0 vs. BG6. In quadrant 2,572 DEGs corre-
sponded to 309 DAMs in MF0 vs. MF6, and 2,888 DEGs 
linked to 247 DAMs in BG0 vs. BG6.

The DEGs and DAMs in the comparisons of MF0 vs. 
MF6 and BG0 vs. BG6 were collectively enriched in vari-
ous KEGG pathways (Fig. S6 and Table S11 and S12). A 
total of 70 KEGG pathways were identified for both MF 
and BG, with 45 pathways common to both cultivars, 11 
pathways exclusive to BG, and 14 pathways unique to MF 

Fig. 6  Identification of gene networks involved in enhanced salt tolerance in water spinach. (A) Relationship among co-expression modules and physi-
ological indicators. Heatmap showing correlations between co-expression modules (vertical axis) and traits (horizontal axis). Blue colors indicate nega-
tive correlations, and red values indicate positive correlations. P-values are shown inside paentheses. (B) Gene expression profile for the black and cyan 
module in different samples. The heat map above shows the expression profiles of all co-expressed genes, and the bar graph below shows the expression 
patterns of co-expressed genes
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(Table S13). Among the KEGG pathways that were signif-
icantly annotated (P < 0.05) in at least one omics dataset 
from MF and BG, a total of 11 pathways were shared by 
both cultivars, mainly related to the synthesis and metab-
olism of carbohydrates, amino acids, and flavonoids. Fur-
thermore, MF had 5 unique pathways, including cutin, 
suberine, wax biosynthesis, tryptophan metabolism, and 
the pentose phosphate pathway. BG had 8 unique path-
ways, such as starch and sucrose metabolism, galactose 
metabolism, and carotenoid biosynthesis (Fig. S5). The 
integrated analysis revealed notable differences in how 
the two cultivars respond to salt stress, with sugar metab-
olism being a crucial factor in this response.

The transcription and metabolin difference in starch and 
sucrose metabolism and galactose metabolism pathway 
under salt stress
The metabolites content and gene expression levels 
were mapped to the sugar metabolism KEGG pathways, 
including starch and sucrose metabolism and galactose 
metabolism (Fig. 9A). In starch and sucrose metabolism, 
the sucrose content decreased at 6  h and increased at 
12 h in BG, and dropped in MF, and it was higher in BG 
than that in MF (Fig. 9C). However, the amylose content 
increased at 6 h and decreased at 12 h in MF, but had no 
significant changes in BG, and it was significantly lower 
in BG than in MF (Fig. 9C). We identified four invertase 
(INV) among which Iaqu.ptg000004l.g168 had a higher 
expression, five genes for alpha-amylase (AMY) among 
which four were higher, five genes trehalose 6-phos-
phate synthase (TPS) among which four exhibited high 

Fig. 7  The metabolites identified in water spinach roots under salt stress. (A) PCA of the metabolites. (B) Hierarchical cluster analysis of metabolites in 18 
samples. (C) Hierarchical cluster analysis
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expression in BG at 6 h of salt treatment. Additionally, 17 
genes encoding glucan endo-1,3-beta-glucosidase (GN) 
among which nine had higher expression, 11 genes for 
endoglucanase (EG) among which four showed higher 
expression in BG at 12  h ast-salt stress. Eight genes for 
trehalose 6-phosphate phosphatase (TPP) among which 

only Iaqu.ptg000024l.g250 was up-regulated in both cul-
tivars (Fig. 9B).

Sucrose produced in the cytoplasm is transferred to 
intermediate cells, where it is utilized for the synthesis of 
raffinose and stachyose by the enzymes raffinose synthe-
tase (RFS) and stachyose synthase (STS) [33]. In galactose 
metabolism, the stachyose levels increased in BG and had 

Fig. 8  Analysis of DAMs in water spinach roots under salt stress. The number of DAMs in MF (A) and BG (B). The column on the left indicates the number 
of DAMs in different pairwise comparisons. The column in the right indicates the overlapping and accession specific DAMs among the different compari-
sons. (C) K-MEAN analysis. (D) Venn diagram of DAMs in MF0 vs. MF6 and BG0 vs. BG6. (E) The heatmap analysis of 246 DAMs overlapped in MF0 vs. MF6 
and BG0 vs. BG6. The two-way bar chart illustrates the quantity of DAMs of in each category in Group I and Group II
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no significant changes in MF after salt stress, and it was 
significantly higher in BG than in MF upon salt stress 
(Fig. 9C). A total of 28 DEGs identified after salt stress. 
Three genes for raffinose synthase (RFS) had a higher 
degree of up-regulation expression, three genes for 
aldose 1-epimerase (GALM) among which two showed 
higher expression, eight genes for beta-galactosidase 
(BGAL) among which three had high expression, and 
three genes for UDP-glucose 4-epimerase (GALE) among 
which two exhibited higher expression in BG at 6 h of salt 
stress. One gene for alpha-galactosidase (α-Gal) was up-
regulated in both species, but it had a stronger degree in 
BG. One galactinol synthase (GolS) was up-regulated in 
BG and down-regulated in MF (Fig. 9B). We elected eight 
genes from this two key metabolism (Table S2). After, 
performing qRT-PCR, we obtained a similar expression 
pattern for these genes as in RNA-seq data (Fig. S7 and 
S8).

Discussion
In this study, we selected the salt-tolerant cultivar BG 
and the salt-sensitive cultivar MF from a total of 59 
germplasm resources. The phenotypic and physiological 
analysis indicated that, in comparison to MF, BG demon-
strated a greater capacity for sustaining normal growth 
(Fig.  1A) and displayed a feature to accumulate higher 
levels of proline when exposed to salt stress (Fig.  1F). 
Proline acts as an osmotic agent, helping to regulate 
cellular osmotic pressure and improve the salt toler-
ance of plants [34]. In addition, salt-tolerant BG can also 
enhance its tolerance to salt stress by changing the trans-
port capacity of cells to K+ and Na+ [35], regulating the 
sucrose and starch metabolism pathways [12], galactose 
synthesis pathway [36] hormone signaling pathway [37], 
and transcription factors regulating [38].

Under salt stress, excessive intracellular accumula-
tion of Na+ will affect the homeostasis of K+ and then 

Fig. 9  Co-expression analysis of starch and sucrose metabolism and galactose metabolism. (A) Schematic diagram of the mechanism. (B) The heat 
maps displaying expression of DEGs. The heatmap colored in blue and yellow indicates metabolite accumulation. The heatmap colored in blue and pink 
indicates gene expression. Suc represented sucrose. (C) Changes in the content of key metabolites. AMY, alpha-amylase; ISA, isoamylase; AGPase, ADP-
glucose pyrophosphorylase; INV, invertase; SPS, stachyose synthase; SUS, sucrose synthase; SCRK,; HK,; TPS, trehalose 6-phosphate synthase; GN, encoding 
glucan endo-1,3-beta-glucosidase; TPP, trehalose 6-phosphate phosphatase; GALM, aldose 1-epimerase; BGAL, beta-galactosidase; GALE, UDP-glucose 
4-epimerase; GolS, galactinol synthase; RFS, raffinose synthetase; α-Gal, alpha-galactosidase; EG, endoglucanase
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interfere with the normal metabolic process of plants, 
and maintaining the balance of K+ and Na+ ions has 
become an important means for some salt-tolerant plants 
to adapt to salt stress [39]. In addition, maintaining the 
balance of these two ions relies on the activity of K+ and 
Na+ transport proteins [40]. In this study, compared with 
MF, BG not only significantly reduced the accumulation 
of Na+, but also accumulated more K+ after salt stress 
(Fig. 2A and B). Transcriptome analysis also revealed that 
the expression levels of genes SOS2, CIPK8, and SCaBP8, 
which are linked to Na+ expulsion [39, 41], as well as 
SKOR, ILK1, and KUP2, which are related to K+ uptake 
[42], were notably elevated in BG when exposed to salt 
stress. The findings indicated that BG facilitated the out-
flow of Na+ and the inflow of K+ to maintain ion homeo-
stasis in response to salt stress (Fig. 10).

The accumulation of carbohydrates also plays an 
important role in the process of salt stress tolerance in 
plants. Sucrose can be used as an osmotic substance to 
stabilize the osmotic pressure of cells [33], and also reg-
ulate the complex and multi-layered regulation of root 
development and growth [43]. In this study, metabo-
lomics results showed that the sucrose content of BG 
increased significantly after 12 h of salt treatment, while 
the sucrose content of MF gradually decreased with the 
extension of treatment time (Fig. 9C). At the same time, 
the expression levels of the three AMY genes used to 
degrade starch in BG were up-regulated and higher than 
those in MF (Fig.  9B), which may increase the content 

of glucose for sucrose synthesis. Raffinose family oligo-
saccharides (RFOs), such as stachyose, are osmoprotec-
tive agents (refs) that accumulate in response to abiotic 
stresses, and galactitol synthase (GolS) and raffinose syn-
thase (RFS) are key enzymes involved in RFO biosynthe-
sis [44]. In this study, metabolome analysis showed that 
compared with MF, stachyose in BG roots was signifi-
cantly accumulated (Fig. 9C), and further transcriptome 
analysis showed that the expression of Gols and RFS in 
BG was significantly up-regulated at 6 h under salt stress, 
while the expression of Gols in MF was down-regulated 
at 6 h, and the expression of RFS was significantly lower 
than that of BG (Fig.  9B). These results indicated that 
BG would maintain cell osmotic pressure and ensure the 
normal growth and development of roots by degrading 
starch and increasing the accumulation of sucrose and 
stachyose after salt stress (Fig. 10).

Plant hormones not only regulate growth and devel-
opment, but also play an important role in plant adap-
tation to salt stress [37]. For example, overexpression of 
gene PR1 in the SA signaling pathway enhanced plant 
tolerance to salt stress [45]. This study showed that BG 
had higher PR1 gene expression at 6  h compared with 
MF under salt stress. SA interacts with other hormones 
to regulate plant responses to salt stress. In wheat, for 
example, SA prevented the decline of auxin and cytoki-
nin to promote growth to adapt salt tolerance in plants 
[46]. Compared with MF, the auxin-induced SAUR gene 
in BG was significantly expressed at 6  h of treatment 

Fig. 10  Proposed model for molecular and physiological mechanisms underlying salt tolerance in water spinach
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(Fig.  5). Studies have shown that transgenic Arabidop-
sis expressing wheat TaSAUR75 exhibited significantly 
increased root length and elevated expression of stress-
responsive genes under salt and drought stress compared 
to control plants [47]. Our phenotypic analyses revealed 
that the total root length, root volume, root surface 
area, and average root diameter of BG were significantly 
greater than those of MF following a 7-day salt treatment 
(Fig. 1B, C, D, E). These findings underscore the pivotal 
role of auxin in mediating BG’s adaptive responses to salt 
stress. Sucrose provawides energy for root growth and 
coordinates root development by regulating auxin syn-
thesis, transport, and signal transduction. For instance, 
sucrose affects the sensitivity of roots to auxin by regu-
lating the expression of key components of auxin signal-
ing pathway, such as ARF and Aux/IAA proteins [16]. 
Additionally, the bHLH transcription factor SPATULA 
in Arabidopsis thaliana regulates cell proliferation by 
modulating auxin accumulation or transport [48], further 
underscoring the interplay between bHLH transcrip-
tion factors and auxin signaling in root development. 
In the present study, we identified a total of 45 bHLH 
transcription factors that were differentially expressed 
under salt stress conditions (Fig. S9). Notably, weighted 
gene co-expression network analysis (WGCNA) pin-
pointed IabHLH093 as a critical transcription factor 
in BG (Fig. 11A). This suggests that bHLH093 may play 
a central role in the regulatory network governing BG’s 
salt stress tolerance, potentially through its influence on 
auxin-mediated pathways (Fig. 10).

Materials and methods
Plant materials and sampling
The seeds of 59 water spinach materials were purchased 
from seed companies in China. The names and sources 
of these water spinach are shown in Table S1. ‘Baigeng 
Daye water spinach’ (BG, salt-tolerant), purchased in 
Chenghai District, Shantou City, Chengqi Seed Trading 
Company, and ‘Meifeng No.1 Liuye Banqingbai water 
spinach 318’ (MF, salt-sensitive), purchased in Jiey-
ang Agricultural Research Seed Industry Co., Ltd, were 
selected base on the salt-tolerant screening of 59 water 
spinach cultivars. Seeds were germinated in sterile Petri 
dishes (Φ = 150  mm) at 25 ℃ and then transferred to 
50-hole discs in a climatic chamber under 25 ± 1 ℃ and 
70% humidity at Guangdong Ocean University in Zhan-
jiang, Guangdong Province, China. After 2 weeks, the 
seedlings’ roots were washed with distilled water to clean 
the substrate soil and transplanted into plastic pots filled 
with a 3.5 L 1/2 Hoagland solution. The optimal salt con-
centration for salt tolerance screening of water spinach 
was obtained from the pre-experiment, which was 150 
mM NaCl. After 2 days, the plants’ roots were placed in 
plastic pots with 0 mM NaCl (control group) and 150 

mM NaCl (salt stress group) of 1/2 Hoagland solutions. 
Stir the salt daily solution to keep the NaCl concentration 
constant, and the salt solution was changed every 3 days 
with a pH of 6.0 ~ 6.5. For plant growth analysis, the seed-
lings were grown for 7 days under salinity conditions. For 
physiological, transcriptomic, and metabolomic analysis, 
root samples were collected at 0, 6, and 12  h post-salt-
treatment, flash-frozen in liquid nitrogen, and stored at 
-80 ℃ until use.

Plant growth measurements
Leaf chlorophyll content (SPAD value) was measured by 
a chlorophyll meter (Konica Minolta, SPAD-502 Plus). 
Plant height (PH) and stem coarse (SC) were measured 
by straight ruler and vernier calipers respectively. Roots 
were rinsed with deionized water, and residual water was 
removed with filter paper. The fresh weight (FW) of a sin-
gle plant, shoot fresh weight (SFW) and root fresh weight 
(RFW) were measured respectively. The ground and root 
were put into paper bags respectively, and the oven was 
105 ℃ for 30  min and 80 ℃ for 48  h. The dry weight 
(DW) of a single plant, shoot dry weight (SDW) and 
root dry weight (RDW) were weighed with balance. The 
TRL, RSA, ARD, RV, and RTN were obtained by scan-
ning using the Epson V700 (Seiko Epson Corp, Nagano, 
Japan) root scanner and analyzing using the WinRHIZO 
Root Scan Analysis system (WinRHIZO Regent Instru-
ments Canada Inc, Montreal Canada). The water con-
tent (WC) and root shoot ratio (RSR) was calculated. The 
calculation formula is: WC = [(FW − DW) / FW]×100%; 
RSR = RFW (RDW) / SFW (SDW). The data corresponds 
to the mean of measurements on 15 biological replicates, 
and the standard error (SE) on these data.

Comprehensive salt-tolerance evaluations analysis
The values of growth and physiological indicators were 
converted into salt tolerance coefficients (STC). The PCA 
was performed on 19 traits’ STC. The method of prin-
cipal component weighting was first used to carry out 
a comprehensive salt-tolerance evaluation analysis of 
member function value (MFV). The systematic clustering 
method was used to classify the salt tolerance of the D 
value of the comprehensive salt tolerance evaluation. The 
calculation formula is shown in Supplementary Docu-
ment 1.

Physiological indicators measurements
The measurements of superoxide dismutase (SOD) [49], 
POD [50], CAT [51], APX [52], proline levels [53], MDA 
levels [54], H2O2 concentrations [55], and the production 
rate of O2•− [56] in root tissue were conducted following 
the methods outlined in a previous study. The GR assay 
was performed using GR assay kit (A062-1-1) provided 
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by the Nanjing Institute of Bioengineering (Nanjing, 
China).

Accumulated mineral ions (Na+, K+, Ca2+, and Mg2+)
All samples were weighed directly into 50 mL metal-free 
tubes, adding 2 mL of 69% nitric acid. The tubes were 
then placed on a digestion block (DigiPREP Jr., SCP-Sci-
ence) at 120 ℃ until the solution was nearly evaporated. 

During this process, the tubes were gently swirled every 
20  min. After cooling, 0.5 mL of H2O2 was added, and 
the samples were heated again for 30 min at 120 ℃. Once 
digestion was complete, the tubes were cooled to room 
temperature, and the volume was adjusted to 20 mL with 
ultrapure water. Aqueous calibration standards were cre-
ated by diluting 1,000  mg/L ICP-MS standard solutions 
(Spex CertiPrep, America) with 10% nitric acid. Element 

Fig. 11  The co-expression network of the transcription factors (TFs) and structural genes in the black (A), and cyan (B) modules. The red and blue circles 
represented transcript factors respectively. The size of red circles represented the quantities of interactions with structural genes. The dark-blue and light-
blue lines represented the high and low degrees of interactions between TFs and structural genes respectively
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detection was performed using inductively coupled 
mass spectrometry (ICP-MS, NexION2000G, Perki-
nElmer, CA, USA), with element concentrations quanti-
fied through external calibration using aqueous standard 
solutions, and 103Rh was used as an internal standard.

RNA extraction, library construction, RNA sequencing, and 
data analysis
BG and MF were subjected to salt stress for 0, 6, and 
12  h, and root tissues were collected for RNA sequenc-
ing (RNA-seq) analysis. Total RNA was isolated using the 
RNAprep Pure Plant kit from Tiangen (Beijing, China). 
The quality and integrity of the extracted RNA were 
assessed with the RNA Nano 6000 Assay Kit on the Bio-
analyzer 2100 system from Agilent Technologies (CA, 
USA). Then, mRNA was isolated using the NEBNext 
Poly(A) mRNA Magnetic Isolation Module from NEB 
(E7490). The cDNA libraries were created using the NEB-
Next Ultra RNA Library Prep Kit and NEBNext Mul-
tiplex Oligos for Illumina (NEB, E7530) in accordance 
with the manufacturer’s instructions.The cDNA librar-
ies obtained from water spinach roots were sequenced 
using an Illumina HiSeq™ sequencing platform. The clean 
reads was obtained by using fastp to filter the original 
data, mainly to remove reads with adapters: when the N 
content in any sequencing reads exceeds 10% of the base 
number of the reads, remove the paired reads; when the 
number of low-quality (Q < = 20) bases in any sequenc-
ing reads contained in reads exceeds 50% of the bases of 
the reads, this paired reads will be removed. All subse-
quent analyses are based on clean reads. All clean reads 
were mapped to the Ipomoea aquatica Forsk. reference 
genome came from DDBJ (JARJNQ000000000) [31] with 
HISAT2 (version 2.0.4) at Metware Biotechnology Co., 
Ltd in Wuhan, China.

DEGs were identified using DESeq2 analysis with a fold 
change (FC) of at least 2 and a false discovery rate (FDR) 
of less than 0.01. he functional annotation of these DEGs 
was performed by consulting seven databases, which 
include GO (Gene Ontology), KEGG (Kyoto Encyclope-
dia of Genes and Genomes Ortholog database), KOG/
COG (Clusters of Orthologous Groups of proteins), Nr 
(NCBI non-redundant protein sequences), Pfam (Pro-
tein family), and Swiss-Prot (a manually curated pro-
tein sequence database). Transcript sequence reads 
have been deposited in the SRA database with accession 
SRR29281936-SRR29281953.

DEGs with fragments per kilobase per million (FPKM) 
values exceeding 1 were selected. A Weighted Gene Co-
Expression Network Analysis (WGCNA) was conducted 
using the WGCNA R package (version 1.68) [57]. The co-
expression network was then visualized with Cytoscape 
3.8.0.

Metabolite profiling and data analysis
Untargeted metabolomics analysis was conducted by 
Metware Biotechnology Co. Ltd. in Wuhan, China. The 
biological samples were initially freeze-dried and then 
pulverized into a fine powder. Next, 50  mg of the pow-
der was dissolved in 1200 µL of cold 70% methanol that 
included an internal standard. The mixture was vortexed 
six times at 30-minute intervals, then centrifuged. The 
supernatant was filtered and kept for UPLC-MS/MS 
analysis.

The LC-MS system analytical parameters were set as 
follows: UPLC column was a Waters ACQUITY UPLC 
HSS T3 with a particle size of 1.8 μm and dimensions of 
2.1  mm x 100  mm; the column temperature was main-
tained at 40 °C; the flow rate was 0.40 mL/min; the injec-
tion volume was 4 µL; and the solvent system consisted 
of water (0.1% formic acid) and acetonitrile (0.1% formic 
acid). Sample analysis utilized a gradient program that 
began with 95% solvent A and 5% solvent B. Over 5 min, 
a linear gradient was established to reach 35% A and 65% 
B, followed by a transition to 1% A and 99% B within 
1 min, which was held for 1.5 min. Finally, the composi-
tion was reverted to 95% A and 5% B within 0.1 min and 
maintained for 2.4 min.

Unsupervised PCA was performed using the ‘prcomp’ 
function in R (www.r-project.org). HCA of the samples 
and metabolites was represented as heatmaps along 
with corresponding dendrograms. Simultaneously, PCC 
among the samples were calculated using the ‘cor’ func-
tion in R and were also displayed as heatmaps. Both HCA 
and PCC visualizations were created using the R pack-
age Complex Heatmap. DAMs were identified based on 
VIP (VIP > 1) and absolute Log2FC (|Log2FC| ≥ 1.0). VIP 
values were obtained from the OPLS-DA results, which 
included score plots and permutation plots, generated 
with the R package MetaboAnalystR. The data under-
went log transformation (log2) and mean centering prior 
to OPLS-DA. To prevent overfitting, a permutation test 
with 200 permutations was conducted.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from water spinach root sam-
ples using the Tiangen RNA Pure Plant kit (Tiangen, Bei-
jing, China). The purity, concentration, and integrity of 
total RNA were measured by a NanoDrop 2000 spectro-
photometer (Thermo Scientific, Wilmington, DE, USA). 
The synthesis of first-strand cDNA was performed using 
the Evo M-MLV Reverse Transcription Premixed Kit with 
gDNA Eraser (Acray Biotechnology Co., Ltd, Hunan, 
China). qPCR was carried out in a 20 µL reaction vol-
ume using the SYBR Gtrrn Pro Taq HS Premixed qPCR 
Kit II(Acray Biotechnology Co., Ltd, Hunan, China). The 
primer sequences of genes were listed (Table S2).

http://www.r-project.org
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Data analysis
Microsoft Office 2022 (Microsoft, USA) was used for sta-
tistical analysis and data preprocessing. Analysis of vari-
ance (ANOVA) and the least significant difference (LSD) 
test were conducted using IBM SPSS Statistics 26.0 Sta-
tistics (SPSS Inc., Chicago, IL, USA). The HCA and PCC 
were computed using the ComplexHeatmap package in 
R. The PCA was conducted using the prcomp function 
in R (www.r-project.org). Graphs were generated using 
GraphPad Prism 8, Cytoscape 3.8.0, and Tbtools.
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