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Combined transcriptomic o

and metabolomic analysis revealed
the salt tolerance mechanism of Populus
talassica X Populus euphratica
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Abstract

Background To investigate the salt tolerance of Populus talassica x Populus euphratica, morphological and physiologi-
cal parameters were measured on the second day after the 15th, 30th and 45th days of NaCl treatment, revealing
significant effects of NaCl on growth. To further elucidate the mechanisms underlying salt tolerance, transcriptomic
and metabolomic analysis were conducted under different NaCl treatments.

Results The results of morphological and physiological indexes showed that under low salt treatment, P, talassicax P
euphratica was able to coordinate the growth of aboveground and belowground parts. Under high salt concentration,
the growth and water balance of P talassica x P euphratica were markedly inhibited. The most significant differences
between treatments were observed on the second day after the 45th day of NaCl treatment.

Transcriptomic analysis showed that the pathways of gene enrichment in the roots and stems of P talassica x R euphratica
were different in the salt resistance response. And it involves several core pathways such as plant hormone signal transduc-
tion, phenylpropanoid biosynthesis, MAPK signaling pathway—plant, plant- pathogen interaction, carbon metabolism,
biosynthesis of amino acids, and several key Transcription factors (TFs) such as AP2/ERF, NAC, WRKY and bZIP

Metabolomic analysis revealed that KEGG pathway enrichment analysis showed unique metabolic pathways were
enriched in P, talassicax P euphratica under both 200 mM and 400 mM NaCl treatments. Additionally, while there
were some differences in the metabolic pathways enriched in the roots and stems, both tissues commonly enriched
pathways related to the biosynthesis of secondary metabolites, biosynthesis of cofactors, biosynthesis of amino acids,
flavonoid biosynthesis, and ABC transporters.

Association analysis further indicated that biosynthesis of amino acids and plant hormone signal transduction path-
way play key roles in the response of P, talassica x P euphratica to salt stress. The interactions between the differentially
expressed genes (DEGs) and several differentially accumulated metabolites (DAMs), especially the strong association
between LOCT105124002 and Jasmonoyl-L-Isoleucine (pme2074), were again revealed by the interactions analysis.
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Conclusions In this study, we resolved the changes of metabolic pathways in roots and stems of P, talassicax P,
euphratica under different NaCl treatments and explored the associations between characteristic DEGs and DAMs,
which provided insights into the mechanisms of . talassica x P. euphratica in response to salt stress.

Keywords Populus. talassica x Populus. euphratica seedlings, NaCl treatment, Differentially expressed genes (DEGs),
Differentially accumulated metabolites (DAMs), Metabolic pathways

Background

About 20% of the world’s arable land is severely dam-
aged by salinisation, and the remaining half is affected to
varying degrees [1]. In China, approximately 99.13 mil-
lion hectares of land are affected by salinity and alkalinity,
with Xinjiang alone accounting for 21.81 million hec-
tares of this area [2, 3]. Located in the arid and semi-arid
northwest of China, Xinjiang experiences a temperate
continental climate characterized by low rainfall and high
evapotranspiration.

Due to prolonged drip irrigation under mulch, inad-
equate salt leaching has caused soil salinization in Xinji-
ang, where the pH exceeds 8.0. Approximately one-third
of the arable land is affected, and the low utilization of
this land significantly hinders agricultural development
[4-8]. Soil salinity, a key abiotic stress, restricts plant
growth and leads to significant yield reductions globally
[9]. Salt stress can inhibit plant growth and impair plant
development at several physiological, hormonal and
metabolic levels [10]. NaCl is the most soluble and abun-
dant salt among various types, and it is the primary salt
released into the soil, which is the most important salt in
nature and the main component causing salt stress [11].
In recent years, it has been reported that major grain
crops (rice, wheat and maize) cannot even complete their
reproductive life span when salt concentration in soil
exceeds 200 mM [12]. Saline plants, which are adapted
to saline conditions, can tolerate high salt concentrations
and may even thrive under such conditions for optimal
growth [13]. They can survive and reproduce in 200 mM
NaCl or higher salt concentrations [14].

The Xinjiang Forestry Academy of Sciences has devel-
oped a new variety of Populus talassica (Q)XPopu-
lus euphratica (3) through cross-breeding between P
euphratica and P. talassica over a period of 36 years,
and it passed the National Seed Validation in 2009. P
talassicaX P. euphratica has a significant hybrid advan-
tage, and its resistance is markedly higher than that of
the maternal parent P. talassica, and close to that of the
paternal parent P. euphratica. Under the harsh environ-
ment, P talassicaXP. euphratica shows the excellent
characteristics of P euphratica, such as drought resist-
ance, barrenness resistance, cold resistance, and salinity
resistance, etc. At the same time, it inherits the advan-
tages of P talassica, such as fast growth, straight stem,

and excellent material. As an excellent tree species with
great potential, P talassicaXP. euphratica shows wide
application value in landscape greening, ecological man-
agement, and windbreaks and sand control afforestation
in arid, saline, and sandy areas.

Studies have shown that P talassicaX P. euphratica
can grow normally on strong saline and alkaline land
with a pH of 9.46 and total salt content of 1.5-2.4%, and
its success rate of cuttings propagation is as high as 94%
[15, 16]. The saline soil in the Tarim Basin has a large
area with significant differences in salt content, and the
planting of the highly resistant P. talassica X P. euphra-
tica is of great value for the ecological management of
saline and alkaline soils [17, 18].

Recent advancements in high-throughput technolo-
gies have made it faster and more cost-effective to obtain
transcriptomic and metabolomic data, which not only
advances the understanding of molecular regulatory
mechanisms and metabolic networks in plants, but also
provided new perspectives for studying the adaptive
mechanisms of plants under adversity conditions [19].
For example, a vast array of studies have been carried
out on the molecular mechanisms of plant response to
salt stress using transcriptomic and metabolomic analy-
sis techniques. High-throughput sequencing has allowed
researchers to gain initial insights into the molecular
mechanisms involved in plant responses to salt stress [20,
21]. Therefore, with the increasing severity of soil salinity
and the rapid development of high-throughput technol-
ogy, it is particularly important to study the salt tolerance
mechanisms of P. talassica X P. euphratica. Previous field
experiments have proved that salt stress has a consider-
able effect on both morphological characteristics and
physiological properties of P. talassica X P. euphratica, but
the signal transduction pathways and regulatory mecha-
nisms in reaction with salt stress are currently unknown.
To clarify the reaction mechanisms of the saline plant
P talassicaxX P. euphratica, this study aimed to identify
key pathways, DEGs, and DAMs involved in salt stress.
Transcriptomic sequencing and comprehensive targeted
metabolomic analysis were performed on P. talassica X P
euphratica under various NaCl treatments. The tran-
scriptomic analysis was performed and published else-
where in Genes [22]. In this research, we investigated the
integrated response of P. talassica X P. euphratica to salt
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stress, with a view to enhancing the growth performance
and adaptive capacity of the crop under salt stress con-
ditions, and thus improving the crop’s salt tolerance. It
will open up new ways for crop resistance cultivation and
efficient production, as well as provide ideas and data to
support for crop genetic improvement.

Materials and methods

Plant material and cultivation parameters

The research was implemented at the seedling base of
the 10th Regiment, 1st Division of the Xinjiang Pro-
duction and Construction Corps (81°15'32.64”E,
40°34°6.14”N), at an altitude of 1014 m. The region
experiences a warm-temperate extreme continental
arid desert climate, with peak temperatures reaching
35 °C and minimum temperatures dropping to —28 °C.
The annual average sunshine duration ranges from
2,556.3 to 2,991.8 h. Precipitation is limited, snowfall
during winter is infrequent, and surface evaporation is
relatively high. The annual precipitation varied between
40.1 mm and 82.55 mm, while the annual evaporation
ranged from 1876.6 mm to 2558.9 mm.

One-year-old potted seedlings of P. talassica X P. euphra-
tica with heights ranging from 79 to 92 cm, were selected
for the experiment. The experiment was implemented in
open pots with loamy soil, soil pH of 7.9, soil salinity of
0.49 g/kg, soil density of 1.36 g/cm?, soil conductivity of
852.6 ps/cm, soil organic matter content of 21.04 g/kg,
and soil effective potassium content of 148.96 mg/kg. The
soil fast-acting phosphorus and alkaline nitrogen contents
were 7.49 mg/kg and 139.58 mg/kg, respectively.

Salt treatment and sample collection

A completely randomised design was used for the
trial. The basal salinity of the potting soil served as
the control and the seedlings were treated as follows:
(a) control (CK: 0 mM NacCl); (b) low concentration
(200 mM NaCl); and (c) high concentration (400 mM
NaCl). The concentration levels were selected and
adjusted according to prior research on salt tolerance
in P talassicaX P. euphratica [17]. Forty-five potted
seedlings with the same growth trend and free of pests
and diseases were selected. Three biological replicates
were set up for each treatment, with five plants in each
replicate. One liter of NaCl solution with equal con-
centration was watered each time in the treatment
group, while the CK group received an equal amount
of deionized water. A tray was set under the pots for
collecting exudates, which were then poured back into
the pots after exudation, and the specific planting plot
settings and NaCl concentration treatments can be
found in Fig. 1.
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The NaCl treatment was administered every three days for
a total of five applications until the target concentration was
achieved, and the NaCl concentration in the pots remained
stable thereafter. Under the same growth conditions, the
morphological and physiological indexes of P talassicax P
euphratica were measured on the second day after the 15th,
30th and 45th days of NaCl treatment. Root and stem sam-
ples of P talassicax P euphratica seedlings were collected
simultaneously and quickly snap-frozen in liquid nitrogen.
The samples were then stored at —80 °C in an ultra-low tem-
perature freezer for subsequent histological analysis.

Morphological and physiological indicators
Three seedlings each from the treatment and CK groups,
for a total of 9 seedlings, were carefully excavated along with
their root systems. Following excavation, the plants were
transferred to the laboratory and rinsed with deionized
water. The root-to-shoot ratio were then measured using
the oven-drying and weighing method [23]. For detailed
methods, please refer to the supplementary materials.
Three well-grown and healthy P talassicaxP. euphra-
tica seedlings, totalling nine plants, were selected in each
treatment group on the second day after the 15th, 30th and
45th days of NaCl treatment. The root portion of the plants
was selected and RWC of the root system was determined
using the drying and weighing method [24]. For detailed
methods, please refer to the supplementary materials.

Methods of histological analysis

Histological sample information and test materials, methods
The grouping of each sample in the roots and stems of P
talassica X P. euphratica in the CK and NaCl-treated groups
and the corresponding information is shown in Table 1.

Transcriptomic analysis

The transcriptomic analysis was performed and pub-
lished elsewhere in Genes [22], please refer to the supple-
mentary material for specific methods.

Metabolomic analysis

Sample extraction process

The biological samples were freeze-dried, ground into
powder, and extracted with 70% methanol. After vortex-
ing and centrifugation, the samples were filtered through
a 0.22 pm membrane, and stored in injection vials for
UPLC-MS/MS analysis. For detailed methods, please
refer to the supplementary materials.

Chromatography and mass spectrometry acquisition
conditions

The data acquisition system was primarily composed of
Ultra Performance Liquid Chromatography coupled with
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Deionized water

200 mmol/1 NaCl solution

400 mmol/l NaCl solution

CK 200 mmol/L NaCl

200 mmol/L NaCl

400 mmol/L NaCl

400 mmol/L NaCl

Fig. 1 P talassicax P euphratica planting set-up and NaCl treatments

Tandem Mass Spectrometry. The liquid chromatography
conditions included an Agilent SB-C18 column, a gradi-
ent of ultrapure water (0.1% formic acid) and acetonitrile
(0.1% formic acid), a flow rate of 0.35 mL/min, column
temperature at 40 °C, and an injection volume of 2 pL.
MS conditions mainly include: ESI source at 500 °C, ion
spray voltage of 5500 V (positive) / —4500 V (negative),
gas pressures at 50, 60, and 25 psi, with MRM mode scan-
ning and optimized DP and CE. For detailed methods and
procedures, please refer to the supplementary materials.

Principal component analysis (PCA) of the overall sample

and cluster analysis of the sample

In this study, PCA was conducted on the samples,
including QC samples, to assess the general metabolic
differences between sample groups and the variability
within each group. Heatmaps were created with the
ComplexHeatmap package in R software, and hierar-
chical clustering analysis was employed to assess the
metabolite accumulation patterns across different
samples.
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Table 1 Sample grouping information table of P, talassicax P

euphratica
Species Organizational Sample Name  Group
Parts
Ptalassicax Peuphratica ~ stem SCK-1 SCK
Ptalassicax Peuphratica ~ stem SCK-2 SCK
Ptalassicax Peuphratica ~ stem SCK-3 SCK
Ptalassicax Peuphratica ~ stem S200-1 S200
Ptalassicax Peuphratica ~ stem S200-2 S200
Ptalassicax Peuphratica ~ stem S200-3 S200
Ptalassica x Peuphratica ~ stem S400-1 S400
Ptalassicax Peuphratica ~ stem S400-2 S400
Ptalassicax Peuphratica ~ stem S400-3 S400
Ptalassica x Peuphratica  root RCK-1 RCK
Ptalassicax Peuphratica  root RCK-2 RCK
Ptalassica x Peuphratica  root RCK-3 RCK
Ptalassica x Peuphratica ~ root R200-1 R200
Ptalassicax Peuphratica  root R200-2 R200
Ptalassica x Peuphratica ~ root R200-3 R200
Ptalassicax Peuphratica  root R400-1 R400
Ptalassicax Peuphratica  root R400-2 R400
Ptalassicax Peuphratica  root R400-3 R400

Screening of key DAMs for salt tolerance

To identify key DAMs potentially associated with salt
tolerance in P talassicaXP. euphratica, we used |log,
(fold change)|>2.0 or |log, (fold change)|<0.5, VIP > 1.0,
and P-value<0.05 as screening criteria for significant
DAMs. A number of key DAMs with high abundance
were screened from the list of DAMs in each comparison
group of roots and stems.

Functional annotation and pathway enrichment analysis

of DAMs

Metabolites interact to establish various pathways within
the organism. Metabolites were mapped to the KEGG
database, showing only metabolic pathways containing
DAMs [25]. KEGG pathway enrichment analysis was per-
formed based on the DAMs results. The top 20 pathways,
ranked by their P-value from smallest to largest, were
selected and presented. The DAMs were aligned with the
KEGG database to retrieve the enrichment results for
their respective metabolic pathways [26].

Statistical analysis of data and construction of metabolic
networks

MS data were analysed by Chroma TOF 4.3x (LECO) for
peak extraction, baseline correction, deconvolution, peak
integration, and peak alignment, with qualitative analysis
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of the compounds performed using the LECO-Fiehn
Rtx5 database [27]. The normalized data were further
processed with SIMCA 14.1 (Umea, Sweden) software,
which included logarithmic transformation, centering,
and PCA. Data were processed using Microsoft Office
Excel 2007, GraphPad Prism 5, and IBM SPSS Statistics
25, with image adjustments made in Adobe Photoshop
CS3 Extended.

Results

Morphological characteristics and physiological
characterisation

Analysis of biomass and root-shoot ratio of P. talassica x P.
euphratica seedlings treated with varying NaCl
concentrations

Under salt stress conditions, saline plants adapted to
different salt stresses by regulating the biomass allo-
cation between aboveground and belowground parts.
According to Table 2, the aboveground, belowground
and whole plant biomass, as well as the root-shoot ratio
of P talassica X P. euphratica were basically the same
before NaCl treatment.

The aboveground, underground, and total biomass
of P talassicaX P. euphratica increased on the sec-
ond day after the 15th, 30th and 45th days of 200 mM
NaCl treatment compared to the control group. The
root-shoot ratio on the second day after the 15th day
of 200 mM NaCl treatment was slightly lower than that
of the control. However, while on the second day after
the 30th and 45th days of 200 mM NacCl treatment, the
root-shoot ratio were markedly greater than those of
the control group (P<0.05). As the NaCl concentration
reached 400 mM, the aboveground, underground and
total biomass and root-shoot ratio were markedly lower
than CK group on the second day after the 15th, 30th,
and 45th days of NaCl treatment, and the decrease was
particularly significant at the 45th day (P <0.05).

The results showed that 200 mM NaCl treatment
promoted the biomass accumulation of P. talassica X P.
euphratica seedlings to some degree, while 400 mM
NaCl treatment markedly reduced biomass (Table 2).
These results indicate that when salt stress reaches a
significant level, low concentrations of NaCl treatment
can promote the growth of aboveground and below-
ground parts, thus increasing the biomass accumula-
tion of P, talassica X P. euphratica seedlings and leading
to an increase in root-shoot ratio. In contrast, high
concentrations of salt stress inhibited the growth of
belowground parts, which in turn led to a decrease in
root-shoot ratio (Table 2).
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Table 2 Effects of different NaCl treatments on biomass and root-shoot ratio

NaCl concentration Time period Above-ground Below-ground Total plant biomass (g) Root-shoot ratios

(mM) biomass (g) biomass (g)

CK 0d 17.98+0.04a 8.12+0.02a 26.10+£0.03a 0.45+0.00a
15d 19.54 +0.29f 10.63+0.14d 30.17+043e 0.54+0.01d
30d 22.3240.10d 12.10+£0.08¢ 3442+0.17d 0.54+0.01d
45d 2524+0.11b 14.07+£0.04b 3931+0.14b 0.56+0.01c

200 mM NaCl 0d 17.98+0.03a 8.12+0.01a 26.10+£0.03a 0.45+0.00a
15d 20.26+£0.15e 10.25£0.16e 3051+£031%e 051+£001%e
30d 24.37+0.28¢c 14.02+0.13b 3839+0.40c 0.57+0.01b
45d 30.01+£0.58a 1942+£051a 4943 +1.08a 0.65+£0.01a

400 mM NaCl od 18.00+0.02a 8.11+0.02a 26.11+0.03a 0.45+0.00a
15d 17.89+0.06 h 844+0.05h 2633£011¢g 047+0.01¢g
30d 18.11+0.06 h 8.78+0.04 g 26.89+0.10g 048+0.01f
45d 18.58+0.04¢g 9.34+0.02f 27.92+0.06f 0.50+0.01e

Note: Data in this table are mean + standard deviation, and different lowercase letters indicate statistically significant differences (p <0.05)

Observation of root phenotypes and determination

of the RWC of P. talassica x P. euphratica under different NaCl
treatments

Root phenotypes of P. talassicax P. euphratica seedlings
were observed on the second day after the 45th day of
NaCl treatment at different concentrations. The results
showed significant phenotypic differences between
the CK group, the 200 mM and 400 mM NaCl-treated
groups, indicating that the NaCl treatment reached a
significant level. Furthermore, 200 mM NaCl treatment
markedly promoted the increase in root length, root sur-
face area, and count of root tillers in the root system of P
talassica X P. euphratica seedlings (Fig. 2A).

Subsequently, the RWC of P, talassica X P. euphratica seed-
lings was determined on the second day after the 15th, 30th,
and 45th days of NaCl treatment with different concentra-
tions. On the second day after the 45th day of 200 mM NaCl
treatment, the roots RWC was markedly lower than the 15th
day, with an average value of approximately 81%. Marked dif-
ferences in the RWC of the roots were observed on the sec-
ond day after the 15th, 30th, and 45th days of 400 mM NaCl
treatment (P<0.05). The RWC of the roots decreased to the
lowest on the second day after the 45th day of 400 mM NaCl
treatment, with an average value of about 75%. These results
showed that the roots RWC of P talassicaxP. euphra-
tica gradually decreased with increasing NaCl concentra-
tion, with the most pronounced decrease observed under
400 mM NaCl treatment, especially on the second day after
the 45th day of salt treatment (Fig. 2B).

Transcriptomic analysis

DEGs analysis in P. talassica x P. euphratica under varying
NaCl concentrations

Among the comparison groups for the roots and stems
of P talassicaxP. euphratica, the RCK_vs_R400 and

SCK_vs_S400 groups had the highest number of DEGs.
The number of DEGs in both roots and stems were mark-
edly higher than in the control group with increasing
NaCl concentration. This indicated that salt treatment
markedly increased the expression of DEGs in the roots
and stems of P. talassica X P. euphratica (Fig. 3).

KEGG pathway enrichment analysis of DEGs under different
NaCl concentrations

KEGG pathway enrichment analysis of DEGs enriched
in roots and stems revealed that plant hormone signal
transduction, phenylpropanoid biosynthesis were found
in RCK_vs_R200, RCK_vs_R400 and R200_vs_R400 com-
parator groups, MAPK signaling pathway—plant, plant-
pathogen interaction and ABC transporters were all
enriched with more DEGs in the pathway (Fig. 4). While
in the SCK_vs_S$200, SCK_vs_S400 and S200_vs_S400
comparison groups, glycolysis / gluconeogenesis, plant-
pathogen interaction, MAPK signaling pathway—plant,
plant hormone signal transduction, carbon metabo-
lism, biosynthesis of amino acids and pyruvate metabo-
lism were all enriched with more DEGs in the pathways.
DEGs in the pathways of plant hormone signal transduc-
tion, plant-pathogen interaction and MAPK signaling
pathway—plant were markedly enriched in both roots
and stems of P, talassica X P. euphratica.

In roots, DEGs were enriched in multiple pathways
and, unlike stems, DEGs in roots were also markedly
enriched in nitrogen metabolism, terpenoid backbone
biosynthesis, phenylalanine, tyrosine and tryptophan
biosynthesis, ABC transporters, galactose metabolism,
glycosphingolipid metabolism and sphingolipid metabo-
lism pathways. In addition, DEGs from stems showed
significant enrichment in carbon metabolism, carbon fix-
ation in photosynthetic organisms, 2-oxocarboxylic acid
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Fig. 2 Observation of root phenotype and determination of RWC. A Phenotypic observation of root system of P talassica x P euphratica

on the second day after the 45th day of NaCl treatment with different concentrations. B Determination of RWC of root system of P, talassicax P,
euphratica under different NaCl concentrations. Note: Letters a, b, and ¢ above the graphs indicate statistically significant differences

between groups (p < 0.05) with a 95% confidence level that the differences between groups are reliable. The interpretation of minimal bias

is that these significant differences are real and not due to random error

metabolism, pyruvate metabolism, glycine, serine and
threonine metabolism, biosynthesis of unsaturated fatty
acids and lysine biosynthesis pathways were also mark-
edly enriched, whereas DEGs in roots were not enriched
in these pathways (Fig. 4). The above results revealed the
existence of different response mechanisms in the roots
and stems of P. talassica X P. euphratica in reaction with
salt stress.

Screening of key DEGs for salt tolerance
Significant DEGs in the roots and stems of P talas-
sicaX P. euphratica were identified using the criteria |log,
fold change|>5 and padj<0.01. A total of 14 significant
DEGs were found across the three comparison groups
of the stems, with detailed gene information provided
in supplementary Table 4 of supplementary material.
In the SCK_vs_S200 comparison group, the DEGs with
higher expression levels such as LOC105119414 belongs
to the AP2/ERF TF family, LOC105142033 belongs to
the NAC protein family, and LOC105119522 belongs to
the WRKY TF family. In the SCK_vs_S400 comparison
group, the DEGs with higher expression levels such as
LOC105126640 belongs to the ocs element-binding factor
1-like TF, which binds to the octopine synthase element
in plants, and LOC105131256 belongs to the WRKY TF
family. In the $200_vs_S400 comparison group, the DEGs
with higher expression levels such as LOC105116962
belongs to the NAC protein family, LOCI105115491
belongs to the WRKY TF family, LOC105134677 belongs
to the ocs element-binding factor 1-like family, and
LOCI105134493 belongs to the R2R3- MYB TF family.

A total of 14 significant DEGs were screened in the
three comparison groups of P. talassicaX P. euphratica
roots, and the specific gene information provided in

supplementary Table 4 of supplementary material. In
the RCK_vs_R200 comparison group, the DEGs exhib-
iting higher expression levels such as LOC105108844
belongs to the ERF subfamily of the AP2/ERF super-
family, LOC105135115 belongs to the NAC protein
family, LOC105114369 belongs to the WRKY TF fam-
ily, and both LOCI05134637 and LOCI05115176
belong to the bZIP transcription factor family. In the
RCK_vs_R400 comparison group, the DEGs with higher
expression levels such as LOC105127231 belongs to
the JUNGBRUNNEN 1-like TE, which is strongly asso-
ciated with antioxidant defense and the reaction to
environmental stresses in plants, LOCI05107217 is a
member of the ERF subfamily of the AP2/ERF super-
family, LOC105124330 belongs to the WRKY TF family,
LOC105115119 belongs to the bZIP family of TFs, and
LOC105128502 belongs to the ocs element-binding fac-
tor 1-like TF family.

In the R200_vs_R400 comparison group, the DEGs
with higher expression levels such as LOCI105120059
belongs to the DREB TF family, LOC105116469 belongs
to the NAC TF family, LOC105127348 belongs to the
WRKY TF family, and LOC105124801 belongs to bZIP
TF family. The summary of the above results showed
that most of the significant DEGs from P. talassica X P
euphratica stems belonged to the AP2/ERF, NAC pro-
tein family, WRKY, R2R3-MYB, and ocs element-binding
factor 1-like TFs. In roots, most of the prominent DEGs
belonged to the AP2/ERF, NAC protein family, bZIP,
WRKY, JUNGBRUNNEN 1-like transcription factor, and
ocs element-binding factor 1-like families. DEGs from
the bZIP, DREB and JUNGBRUNNEN 1-like TFs were
also present in P talassicaXP. euphratica roots com-
pared to stems. In contrast, compared to the roots, P,
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talassica X P. euphratica stems were enriched in DEGs of
the R2R3-MYB transcription factor family. These results
suggest that there are significant differences in gene
expression patterns between roots and stems. The tran-
scriptomic analysis was performed and published else-
where in Genes [22].

Metabolomic analysis

To explore the metabolite enrichment and the metabolic
pathways that are markedly affected in the roots and
stems of P. talassica X P. euphratica under salt stress, we
conducted metabolomic analysis on seedlings subjected
to different concentrations of NaCl treatments.

Quantitative analysis of DAMs

In this study, a total of 1,298 metabolites were identified
using the UPLC-MS/MS platform in combination with
a self-constructed database. Table 3 presents the sta-
tistical results for the number of DAMs in the root and
stem comparison groups of P talassicaXP. euphratica.
The findings indicated that 105 DAMs were detected in
the comparison group of RCK_vs_R200, 66 DAMs in the
comparison group of RCK_vs_R400, and 93 DAMs in the

comparison group of R200_vs_R400. In the comparison
group of stems, 35 DAMs were recognized in the com-
parison group of SCK_vs_S200, SCK_vs_S400 detected
84 DAMs, and the S200_vs_S400 comparison group
detected 69 DAMs (Table 3).

The results showed that the number of DAMs in
the RCK_vs_R200 comparison group was the highest
among the comparison groups of P, talassica X P. euphra-
tica roots. Among the comparison groups of stems, the
SCK_vs_S400 comparison group had the highest num-
ber of DAMs, and the DAMs of both comparison groups
were predominantly downregulated. It was further
demonstrated that the upregulated and downregulated
DAMs markedly increased in the roots of P. talassica x P
euphratica under 200 mM NaCl treatment. However, the
number of both upregulated and downregulated DAMs
in the roots markedly decreased when the NaCl con-
centration reached 400 mM (Table 3). In contrast, the
amounts of upregulated and downregulated DAMs in the
stems of P. talassica X P. euphratica consistently increased
with the rising NaCl concentration. These results suggest
that DAMs in roots and stems of P. talassica X P. euphra-
tica exhibit different trends under saline conditions.
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PCA of metabolites, category composition analysis,

and cluster analysis of samples as a whole

The PCA plot (Fig. 5A) demonstrated the differences
in metabolite distribution among different treatment
groups. PC1 contributed 48.19%, while PC2 contributed
7.82%, with a clear separation trend. And the points of
SCK and S200 and S400 groups were clustered in the
left region on both PC1 and PC2 axes, while the RCK,
R200 and R400 groups were clustered in the right region.
This clustering reflected that samples within each group
exhibited similarity, while the metabolite distributions
between different treatment groups were markedly dif-
ferent. Notably, the separation along PC1 was more obvi-
ous. The QC group points were clustered near the centre,
indicating good quality and reproducibility (Fig. 5A).
Using the UPLC-MS/MS assay platform and a self-con-
structed database, 1,298 metabolites were identified.
The metabolites in the roots and stems of P. talassica X P
euphratica seedlings under salt stress were primarily
composed of flavonoids (25.5%), phenolic acids (20.8%),
lipids (9.01%), alkaloids (7.4%), amino acids and deriva-
tives (7.24%), organic acids (5.39%), nucleotides and
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Table 3 Table of the number of DAMs in P talassica x P
euphratica

Group name Total DAMs Down regulated Up regulated
RCK_vs_R200 105 69 36
RCK_vs_R400 66 45 21
R200_vs_R400 93 37 56
SCK_vs_S200 35 26 9
SCK_vs_S400 84 53 31
$200_vs_S400 69 21 48

Note: Group name: difference comparison group information; Total DAMs:
number of metabolites with significant differences; Down regulated: number of
downregulated metabolites; Up regulated: number of upregulated metabolites

derivatives (5.16%), and lignans and coumarins (4.7%)
(Fig. 5B).

The Pearson correlation coefficient was computed
using the cor function in R software, where a value of |r|
closer to 1 indicates a stronger correlation between rep-
licates. As shown in Fig. 5C, the correlation among the
three P. talassicax P. euphratica samples under different
NaCl treatment conditions was low, but the correlation
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among replicates was high, indicating that the correlation
among samples under the same treatment conditions was
high (Fig. 5C). To visualise the differences in metabolites
of P talassica X P. euphratica under different salt treat-
ments, clustering heatmap analysis was conducted for
diverse compounds. The results revealed the similarity
relationship between root and stem samples and their
corresponding comparative groups (Fig. 5D).

Dynamic distribution of metabolite content differences

To clearly illustrate the overall metabolic differences, the
metabolite fold change (FC) values between the compari-
son groups were determined. The metabolite were then
ranked from smallest to largest based on FC values. The
differences in metabolite content distribution were visu-
alized, with the top 10 DAMs showing up-regulation and
down-regulation labeled accordingly.

As shown in Fig. 6, In the RCK_vs_R200, RCK_vs_R400,
and R200_vs_R400 comparison groups, the markedly
upregulated metabolite include flavonoids, phenolic acids,
amino acids and derivatives, terpenoids, and organic acid
analogs. The markedly downregulated metabolite are
mainly flavonoids, phenolic acids, nucleotides and deriva-
tives, and terpenoids. In the SCK_vs_S200, SCK_vs_S400,
and S200_vs_S400 comparison groups, the markedly
upregulated DAMs are primarily amino acids and deriva-
tives, flavonoids, alkaloids, organic acids, and lipids. The
markedly downregulated DAMs are primarily flavonoids,
amino acids and derivatives, lipids, phenolic acids, alka-
loids, and nucleotides and derivatives (Fig. 6).

Volcano diagram of DAMs
The criteria for identifying significant DAMs were |log,
(fold change)|>2.0 or |log, (fold change)|<0.5, VIP > 1.0,
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and P-value<0.05. A total of 73 significant DAMs were
identified from the DAMs lists of each comparison group
in the roots and stems, with the specific metabolite
names presented in supplementary Table 2. As presented
in supplementary Table 2, the markedly enriched DAMs
were primarily DAMs in the categories of amino acids
and derivatives, flavonoids, phenolic acids, nucleotides
and derivatives, organic acids, and alkaloids.

Additionally, a volcano plot was generated based on
the 73 significant DAMs identified (Fig. 7). The plot illus-
trates the distribution of DAMs in the roots and stems of
P, talassicax P. euphratica seedlings under different NaCl
concentrations. As seen in Fig. 7, a total of 29 significant
DAMs were upregulated, and 44 significant DAMs were
downregulated. In the RCK_vs_R200, RCK_vs_R400, and
R200_vs_R400 comparison groups, 6, 5, and 3 DAMs
were upregulated, and 10, 10, and 4 DAMs were downreg-
ulated, respectively. In the SCK_vs_S200, SCK_vs_S400,
and S200_vs_S400 comparison groups, 3, 4, and 8 DAMs
were upregulated, and 3, 14, and 3 DAMs were downregu-
lated, respectively. Notably, the SCK_vs_S400 comparison
group showed the highest number of significant DAMs,
with downregulated DAMs predominating (Fig. 7).

The salt content was performed in real-time until the
NaCl concentration increased to 200 mmol/L, the num-
ber of DAMs in the roots of P. talassicaX P. euphratica

markedly increased, while the number of DAMs in the
stems slightly increased. As the NaCl concentration
increased to 400 mM, the number of DAMs in the roots
slightly decreased, while a significant increase was
observed in the stems (Fig. 7). These results suggest that
low salt treatment can increase the abundance of DAMs
in the roots of P, talassica X P. euphratica to some extent,
whereas high salt treatment may inhibit the accumulation
of related DAMs in the roots. In contrast, the metabolite
levels in the stems markedly increased when the NaCl
concentration reached 400 mmol/L, highlighting distinct
responses of the roots and stems to salt stress.

Heat map of DAM:s clustering

To facilitate the observation of metabolites content
changes, the original relative abundance of DAMs
selected based on the screening standard, was processed
row-wise with Unit Variance Scaling. A heatmap was
then generated using the R software package, and the
results are presented in Fig. 8. Cluster analysis revealed
that NaCl treatment markedly altered the expression of
DAMs in the roots and stems of P. talassicaX P. euphra-
tica. In the RCK_vs_R200 comparison group, the promi-
nently clustered DAMs included flavonoids, phenolic
acids, alkaloids, amino acids and derivatives, nucleo-
tides and derivatives, and others. In the RCK_vs_R400



Liu et al. BMC Plant Biology (2025) 25:361 Page 12 of 27
o
3
3
Statistics P V'PD s V'PO 5
e . © Up:6 T . o 10 B . 10
] own: 10 3 15 3 .15
s . Insignificant: 1278~ $ o 20 2 .20
4 oa de I 4 X
% o . % %
E] 0 . vIP ) 3
] -3 Statistics 8 Statistics
3 <05 3, 3
! .10 [ * Ups [ - Up:3
v o1 « Down: 10 - Down: 4
Insignificant: 1279 B Insignificant: 1288
o 0 1
16 3 4 21612 4 16 ) 4 21013 4 [ T 16 ) 4 21013 4 8 6
Log;(Fold Change) Logs(Fold Change) Log,(Fold Change)
. B
20f
.
.
3 b
Statistics vIP 18] X vIP
= .- upi3 — 05 — . 05
? B 1.0 3 * 10
.l Insignificant: 1201 '§ 15 ] 15
i i & e 20 b 20
3 viP ] & 310
2 . 05 | % e Statistics 2 Statistics
3 3 & 3
] . 10 I 2 .« Upia ] . up:s
4 o 15 own: 14 Down: 3
. 20 Insignificant: 1279 Insignificant: 1285
16 16 16 16 5 16

4 21012 4 []
Log;(Fold Change)

4 21012 4 ]
Logs(Fold Change)

4 21613 4 8
Log;(Fold Change)

Fig. 7 DAMs volcano plot. A RCK_vs_R200. B RCK_vs_R400. C R200_vs_R400. D SCK_vs_5200. E SCK_vs_S400. F S200_vs_S400

comparison group, the prominent clustered DAMs
mainly included flavonoids, phenolic acids, nucleotides
and derivatives, amino acids and derivatives, alkaloids,
and organic acids. In the R200_vs_R400 comparison
group, the prominently clustered DAMs included flavo-
noids, phenolic acids, alkaloids, amino acids and deriva-
tives, lignans and coumarins, and others (Fig. 8).

In the SCK_vs_S200 comparison group, the prominently
clustered DAMs primarily include flavonoids, lipids,
amino acids and derivatives, lignans and coumarins, alka-
loids, and others. In the SCK_vs_S400 comparison group,
the prominently clustered DAMs mainly consist of alka-
loids, nucleotides and derivatives, amino acids and deriva-
tives, flavonoids, organic acids, and phenolic acids. In the
$200_vs_S400 comparison group, the prominently clus-
tered DAMs primarily include alkaloids, amino acids and
derivatives, flavonoids, nucleotides and derivatives, phe-
nolic acids, and lipids. The DAMs common to the SCK_
vs_S200, SCK_vs_S400, and S200_vs_S400 comparison
groups include amino acids and derivatives, flavonoids,
and alkaloids, suggesting that these DAMs may serve as
universal physiological factors in P talassicaXP. euphra-
tica under various stress conditions (Fig. 8).

K-means cluster analysis of DAMs

The results of the K-means clustering analysis revealed
that these trends could be grouped into eight distinct
categories (subclasses 1-8) in Fig. 9A. In these clusters,
DAMs enriched due to NaCl treatment. The findings

showed that the expression trend of DAMs content in
class 7 exhibited a consistent decline as salt concentra-
tion increased, while the DAMs content in class 5 exhib-
ited a pattern of initial increase followed by a subsequent
decline. Additionally, and the metabolite content in class
6 and class 8 showed a downward trend followed by an
upward trend. The DAMs were better reflected in clus-
ters 1-8, with a total of 48, 80, 47, 41, 23, 34, 29, and 29
DAMs clustered in classes 1-8, respectively. In summary,
cluster 2 contained the highest number of DAMs, while
cluster 5 had the lowest number of DAMs (Fig. 9A).

The DAMs Venn diagram
The relationships between DAMs in the CK and NaCl-
treated groups were presented in the form of Venn dia-
grams, and relationships between co-enriched and
exclusive DAMs across all comparative groups. The
results are shown in Fig. 9B. As shown in Fig. 9B, the
two comparison groups exhibited a greater overlap of
co-enriched DAMs, while the four comparison groups
showed fewer overlapping DAMs. Additionally, many co-
enriched DAMs varied between the comparison groups.
Under salt stress, the RCK vs R200, RCK_vs_R400,
SCK_vs_S200, and SCK_vs_S400 groups, the RCK_
vs_R400, R200_vs R400, SCK_vs_S400, S200_vs_S400
group, and the RCK_vs_R200, R200_vs_R400, SCK_vs_
$200, and S200_vs_S400 groups had 0, 2, and 1 co-var-
ying DAMs, respectively. The number and expression
trends of DAMs in roots and stems of P talassicaX P
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euphratica differed under 200 mM and 400 mM NaCl
treatments. However, the majority of the DAMs showed
a significant increase after salt treatment. These results
suggested that P talassicaXP. euphratica responded to
salt stress by expressing different metabolites (Fig. 9B).

KEGG pathway enrichment analysis of DAMs

To identify the pathways enriched by DAMs, KEGG
pathway enrichment analysis was conducted based on
the DAMs results. The top 20 pathways were selected
and displayed in ascending order of their P-values. KEGG
pathway enrichment analysis of DAMs was also con-
ducted based on the obtained results of DAMs. Figure 10
shows the KEGG enrichment bubble plots of DAMs of
the six comparative groups in the roots and stems of P
talassica X P. euphratica, revealing significant differences
in DAMs among different treatment groups.

In the RCK_vs_R200 comparison group, metabolic
pathways such as biosynthesis of secondary metabolites,
flavonoid biosynthesis, biosynthesis of cofactors, bio-
synthesis of amino acids, ABC transporters, and 2-oxo-
carboxylic acid metabolism were markedly enriched.
In the RCK_vs_R400 comparison group, markedly
enriched pathways included biosynthesis of secondary
metabolites, biosynthesis of amino acids, biosynthesis
of cofactors, nucleotide metabolism, ABC transporters,
and purine metabolism. In the R200_vs_R400 compari-
son group, pathways such as biosynthesis of secondary
metabolites, flavonoid biosynthesis, phenylpropanoid
biosynthesis, flavone and flavonol biosynthesis, trypto-
phan metabolism, and biosynthesis of amino acids were
markedly enriched (Fig. 10).

In the SCK_vs_S200 comparison group, meta-
bolic pathways such as biosynthesis of secondary
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metabolites, biosynthesis of various plant secondary
metabolites, biosynthesis of cofactors, biosynthesis of
amino acids, phenylalanine, tyrosine and tryptophan
biosynthesis, and flavonoid biosynthesis were mark-
edly enriched. In the SCK_vs_S400 comparison group,
markedly enriched pathways included biosynthesis of
secondary metabolites, biosynthesis of amino acids,
biosynthesis of cofactors, ABC transporters, purine
metabolism, and nucleotide metabolism. In the S200_
vs_S400 comparison group, pathways such as biosyn-
thesis of secondary metabolites, biosynthesis of amino
acids, biosynthesis of cofactors, ABC transporters, ami-
noacyl-tRNA biosynthesis, and 2-oxocarboxylic acid
metabolism were markedly enriched (Fig. 10).

Transcriptomic metabolomic association analysis
KEGG enrichment bar graph
Bar graphs were generated based on KEGG pathways
co-enriched in the two histologies, with the bars repre-
senting the number of DAMs and DEGs associated with
each pathway. For the amount of shared KEGG pathways
exceeding 25, the transcriptomic was used as the basis,
and only the pathways with the top 25 P-value rankings
were displayed. The results are shown in Fig. 11. In the
RCK_vs_R200 comparison group, a significant propor-
tion of DEGs and DAMs were enriched in the biosynthe-
sis of amino acids pathway.

Additionally, pathways such as plant hormone sig-
nal transduction, carbon metabolism, phenylpropanoid
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biosynthesis, and starch and sucrose metabolism were
notably enriched with DEGs. Similarly, pathways
including flavonoid biosynthesis, 2-oxocarboxylic acid
metabolism, and ABC transporters exhibited significant
enrichment of DAMs. In the RCK_vs_R400 comparison
group, a substantial number of DEGs and DAMs were
enriched in pathways such as biosynthesis of amino acids
and cysteine and methionine metabolism. Additionally,
a notable number of DEGs were enriched in the car-
bon metabolism pathway, while DAMs were markedly
enriched in pathways such as purine metabolism, 2-oxo-
carboxylic acid metabolism, and ABC transporters. In the
R200_vs_R400 comparison group, a substantial number
of DEGs and DAMs were enriched in pathways such as
phenylpropanoid biosynthesis and biosynthesis of amino
acids. Additionally, a significant number of DAMs were
enriched in the flavonoid biosynthesis pathway (Fig. 11).
In the SCK_vs_S200 comparison group, a substantial
number of DEGs and DAMs were enriched in pathways
such as biosynthesis of amino acids. Additionally, a nota-
ble number of DEGs were enriched in pathways includ-
ing plant hormone signal transduction, phenylpropanoid
biosynthesis, and glycerophospholipid metabolism. In
the SCK_vs_S400 comparison group, a significant num-
ber of DEGs and DAMs were enriched in the biosyn-
thesis of amino acids pathway. Furthermore, pathways
such as carbon metabolism, plant hormone signal trans-
duction, glycolysis/gluconeogenesis, phenylpropanoid
biosynthesis, and pyruvate metabolism also exhibited
substantial enrichment of DEGs. DAMs were notably
enriched in pathways such as purine metabolism and

ABC transporters. In the S200_vs_S400 comparison
group, a considerable number of DEGs and DAMs were
enriched in the biosynthesis of amino acids pathway
(Fig. 11). Additionally, a large number of DEGs were
enriched in the plant hormone signal transduction path-
way, while DAMs were markedly enriched in pathways
such as ABC transporters, 2-oxocarboxylic acid metabo-
lism, and phenylalanine metabolism.

In summary, across the comparison groups of roots
and stems in P talassica X P. euphratica, a substantial
number of DEGs and DAMs were enriched in the bio-
synthesis of amino acids pathway. Additionally, path-
ways such as plant hormone signal transduction, carbon
metabolism, and phenylpropanoid biosynthesis exhib-
ited significant enrichment of DEGs, while pathways
including flavonoid biosynthesis, purine metabolism,
ABC transporters, and 2-oxocarboxylic acid metabolism
showed notable enrichment of DAMs (Fig. 11).

O2PLS analysis

All DEGs and DAMs in the roots and stems of P. talas-
sica X P. euphratica were selected to plot O2PLS load-
ings, and the association between DEGs and DAMs was
analysed, and the 10 DEGs and DAMs with the strong-
est associations were screened out, and the results are
shown in Fig. 12, and the results are shown in Fig. 124,
which shows that the top 10 DEGs with the strongest
influence on metabolomic were LOC105110065 » LOC
105120036 ~ LOC105129277 ~» LOC105115394 ~ LOCI
05128125~ LOC105115927 ~ LOC105134725 ~ LOC10
5124002 ~ LOC105122358 and LOC105112769.
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As can be seen in Fig. 12B, the top 10 DAMs
with high impact on transcriptomic were Nystose
(mws4163), Stachyose (Lmqn000213), Arachidic acid
(pmf0397), Xanthosine (mws0668), Uridine 5-diphos-
phate (pme3007), Citicoline (MWSmce613), Jas-
monoyl-L-Isoleucine (pme2074), Phosphoenolpyruvate
(mws2125), Cytidine 5’-monophosphate (Cytidylic
acid) (pme3174), Guanosine 3;5’-cyclic monophosphate
(mws0609). They were all nucleotides and derivatives,
amino acids and derivatives, organic acids, lipids and
others class metabolites, which proved that these 10
DEGs and 10 DAMs were closely related to the salt tol-
erance of P, talassica X P. euphratica.

Analysis of gene-metabolite interactions in roots
and stems of P. talassica x P. euphratica
Through network analysis, the Fig. 13 reveals the inter-
action relationship between DEGs that are closely asso-
ciated with multiple DAMs in the roots and stems of
P talassicaXP. euphratica. From the connections in
the Fig. 13, gene LOCI105124002 markedly interacted
with multiple DAMs, especially with pme2074. In
addition, DEGs LOCI105110065, LOCI105112988 and
LOCI105129286 also interact with multiple DAMs. Gene
LOC105121152 showed significant interactions with
both mws1661 and mws0668, while LOC105134371 also
interacted with mws0282 and Lmbn005487 (Fig. 13).

In  addition, LOCI105140885,  LOCI105135115,
LOCI105108844, LOC105126640, and LOCI05131256
showed significant interactions with DAMs mws4163,

pme0010, pme3033, pme2074, and pme0021, respec-
tively. Among them, LOC105124002 and LOCI105110065
were among the top 10 DEGs with the most significant
impact on metabolomic screened in the O2PLS analy-
sis. LOC105108844 and LOCI05135115 were DAMs
markedly expressed in the roots of P talassicaxP
euphratica, and LOCI105126640 and LOCI105131256
were DEGs markedly expressed in the stems of P. talas-
sicaxX P euphratica. The DAMs pmb0682, mws0282,
Lmbn005487, and pme0021 had significant interactions
with several DEGs, which further verified the important
roles played by these DEGs and DAMs in the process of
salinity resistance of P. talassica X P. euphratica (Fig. 13).

Accumulation of major metabolites in the biosynthesis

of amino acids pathway under salt stress

Under salt stress conditions, upstream and downstream
metabolites in the P talassica X P. euphratica biosynthe-
sis of amino acids pathway exhibited dynamic regulatory
changes, as shown in Fig. 14. Upstream key metabolites
such as Shikimate, Anthranilic acid, Phenylpyruvate Phe-
nylpyruvic acidand Phosphoenolpyruvate were markedly
downregulated under salt stress. This down-regulation
may indicate that precursor resources early in the path-
ways are reallocated to support the downstream meta-
bolic processes required to combat salt stress (Fig. 14).

In contrast to the upstream metabolites, several down-
stream metabolites were markedly upregulated, suggest-
ing their critical function in reaction with salt stress. For
example, significant accumulation of Histidine, Valine,
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Fig. 12 O2PLS analysis plots. A Gene loadings plot. B Metabolite loadings plot

Tyrosine, Phenylalanine, Tryptophan and Ornithine
indicated their essential function in osmoregulation and
antioxidant defence mechanisms. Homoserine, Lysine
and N-Acetyl-glutamate were markedly upregulated
under 200 mM and 400 mM NacCl treatments were mark-
edly upregulated. These nitrogen-containing metabolites
may contribute to the maintenance of cellular homeo-
stasis and the enhancement of salt tolerance by acting
as osmolytes or polyamine synthesis precursors. While
Glutamine and Asparagine were markedly enriched as
key nitrogen transport and storage compounds, reflect-
ing their nitrogen metabolism functions under salt stress
conditions (Fig. 14).

Certain metabolites showed specific accumulation
patterns under salt stress. For example, 2-Aminoadi-
pate and Serine were markedly downregulated, suggest-
ing their lower metabolic priority in stress acclimation.
In contrast, the sustained up-regulation of Leucine and
Valine may further play an essential function in salt
stress conditions by enhancing protein stability and cel-
lular osmotic homeostasis (Fig. 14).

Discussion

Salt stress is considered one of the most destructive envi-
ronmental pressures, markedly reducing the productivity
and quality of crops worldwide, and severely inhibiting
plant growth and development [28]. To enhance crop
salt tolerance, it is crucial to clarify the primary plant
responses and mechanisms underlying salt tolerance in
order to improve crops’ ability to tolerate salt stress.

Morphological characteristics and physiological properties
The results of this study showed that 200 mM NacCl treat-
ment promoted the increase of root length, root surface

area, count of root tillers, and root-to-shoot ratio of P
talassicaX P. euphratica seedlings to some degree, and
resulted in the accumulation of plant biomass. Especially
on the second day after the 45th day of NaCl treatment,
all the indexes were markedly higher than the control.
This results may be related to the ability of saline plants
to enhance water and nutrient uptake by regulating the
growth of above and below ground parts under low salt
stress. It has been reported in the literature that moder-
ate salt stress can stimulate the growth of plant roots and
thus improve plant adaptation to salinity [29]. Demon-
strating that P, talassica X P. euphratica is able to improve
its growth performance by optimising the root-shoot
ratio under low salt stress, this provides strong evidence
for the adaptive strategies of saline plants in naturally
saline environments.

As the NaCl concentration reached 400 mM, the bio-
mass and root-shoot ratio of P talassicaXP. euphratica
were markedly reduced compared to the control group,
with the most pronounced growth inhibition observed
on the second day after the 45th day of NaCl treatment.
This was attributed to the fact that high concentrations of
salt stress usually lead to increased plant water stress and
higher osmotic pressure, which inhibit cell expansion and
root uptake capacity [30]. This may be the main reason for
the decline in biomass of P. talassica X P. euphratica. More
importantly, the decrease in root-shoot ratio further proved
that the root growth was limited under high salt stress, and
the inability of P, talassica X P. euphratica to effectively reg-
ulate the root-shoot ratio indicated that the threshold of its
salt tolerance mechanism had been breached.

In addition, in this study, the RWC change under low
salt stress (200 mM NaCl) treatment was small, indicat-
ing that the P. talassica X P. euphratica was able to adapt
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to low salt concentration, but the water retention capac-
ity of the root system of the P. talassicaX P. euphratica
decreased when the NaCl concentration increased to
400 mM. This change reflects, to some extent, the dif-
ferent response mechanisms of P talassicaX P. euphra-
tica to salt stress. The plant may enhance salt tolerance
by altering cellular osmoregulatory substances and root
function at low salt concentration, while high salt con-
centration severely affected the plant’s water uptake and
retention capacity, resulting in an increased water loss in
the plant after salt treatment. This water loss may result
from osmotic stress and oxidative stress at high salt con-
centrations, which in turn triggers intracellular water
imbalance and dehydration [31, 32].

In conclusion, the root system of P talassicaxP.
euphratica was able to maintain a high water status
under low salt stress, whereas high salt concentration
resulted in a significant loss of root water. These results
further confirm that under low salt treatment (200 mM
NaCl), P talassica X P. euphratica is able to coordinate
the growth of both aboveground and underground parts,
thereby enhancing salt tolerance. This suggests that the

200 mM NaCl treatment may be associated with the
plant’s ability to tolerate salt through specific physiologi-
cal mechanisms. In contrast, under high salt concentra-
tion (400 mM NaCl), plant growth and water balance are
markedly inhibited, which may indicate that this treat-
ment is linked to mechanisms by which the plant reduces
salt accumulation or mitigates the damage caused by
excessive salt, potentially representing a strategy of salt
avoidance.

Transcriptomic analysis

Under high salinity treatment, the number of downreg-
ulated DEGs in the roots of P talassica X P. euphratica
increases, suggesting that gene expression in the roots
of P talassicaX P. euphratica is markedly suppressed as
NaCl concentration rises. Moreover, the expression pat-
terns of DEGs in roots and stems showed significant dif-
ferences under different NaCl treatments. This may be
closely related to the mechanisms of salt stress-induced
osmoregulation, antioxidant stress response and coping
with ion accumulation.
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KEGG pathway enrichment analysis of DEGs

following treatment with varying NaCl concentrations
Although significant differences exist in the enrichment
of metabolic pathways between the roots and stems, the
plant hormone signal transduction pathway is a crucial
factor in regulating the salt stress adaptability of P. talas-
sicaXP. euphratica. Plant hormones, particularly ABA
and GA, regulate water balance, antioxidant capacity, and
growth under salt stress [33, 34].

Screening of key DEGs for salt tolerance

In this study, we compared the DEGs expression pat-
terns in roots and stems of P talassicaX P. euphratica,
with particular attention to the distribution of TFs. The
results showed that the markedly DEGs in roots and
stems differed in the composition of TFs, which provided
new insights into the molecular mechanisms by which
plants respond to environmental stimuli in different
organs. Firstly, most of the significant DEGs in the stem

of P talassicaxP. euphratica belong to the AP2/ERF,
NAC, WRKY, R2R3-MYB, and ocs element-binding fac-
tor 1-like TFs. The importance of the AP2/ERF, WRKY,
and NAC families of TFs in plant responses to biotic and
abiotic stresses has been widely recognised [35-37]. The
high expression of AP2/ERF TFs in the stem may be asso-
ciated with water regulation, promotion of growth and
development, and resistance to external stresses in the
stem of plants [38]. Meanwhile, the enrichment of R2R3-
MYB TFs suggests a key role of stems in phytohormone
signalling and cell wall biosynthesis, which may contrib-
ute to the maintenance of structural stability of plants
under stress [39].

In contrast, the significant DEGs in the roots of P
talassicaX P. euphratica were dominated by AP2/EREF,
NAC, bZIP, WRKY, JUNGBRUNNEN 1-like TFs and ocs
element-binding factor 1-like families. The high expres-
sion of the bZIP TFs in roots indicates its important role
in plant root growth, response to water stress and cop-
ing with salinity adversity [40]. The bZIP TFs usually help
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plant roots to adapt to unfavourable environments by
participating in the expression of DEGs regulating light,
gas exchange and response to adversity [41]. The DREB
TFs in roots also shows high expression, further empha-
sising its key role in coping with drought and salin-
ity stress [42]. The enrichment of the JUNGBRUNNEN
1-like TFs in roots further implies that P talassica X P
euphratica roots may enhance their resistance to salt
stress by regulating genes associated with antioxidant
responses [43].

The enrichment of the ocs element-binding fac-
tor 1-like TFs in roots and stems suggests that P talas-
sicaX P euphratica stems may regulate the expression
of DEGs involved in the plant antioxidant response and
environmental stress response through binding to plant
OCS elements, a mechanism that may contribute to stem
adaptation under salt stress [44]. These TFs help plants
maintain water and nutrient homeostasis in the inter-
root environment by regulating water metabolism and
ion homeostasis.

Taken together, these differences suggest that the
expression of TFs in roots and stems of P. talassicaX P
euphratica is highly organ-specific and may be closely
related to the physiological functions and adaptive mech-
anisms of each organ under different environmental con-
ditions. Gene expression patterns in roots may be more
focused on responding to water and oxygen stress to
safeguard the plant’s water and nutrient uptake capacity,
while stems may be more effective in reaction with exter-
nal adversity or mechanical stresses by adjusting growth
and development and structural stability [45, 46]. It was
demonstrated that the two have different regulatory
mechanisms in the genetic response to salt stress.

Metabolomic analysis

Trend analysis of DAMs

In each comparison groups of roots and stems, the num-
ber of DAMs differed markedly, indicating that salt stress
affected the metabolic network of P. talassica X P. euphra-
tica to different degrees. Under 200 mM NacCl treatment,
the metabolic responses in the roots of P talassicax P,
euphratica were more active, and the changes in DAMs
mainly showed an increase in both upregulated and
downregulated DAMs, which might be related to the
adaptive mechanism of the roots at the early stage of salt
stress. 200 mM NaCl treatment was able to activate the
metabolic network of the roots of P. talassica X P. euphra-
tica, and promote its ability to cope with salt stress.
However, as the NaCl concentration was increased to
400 mM, the metabolic response of the roots was mark-
edly weakened and the number of metabolite changes
decreased. This may indicate that the osmotic stress
and ionic toxicity effects induced with increasing salt
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concentration resulted in the suppression of metabolic
activities in the roots of P. talassica X P. euphratica [47].

In contrast, metabolic responses in the stem showed
a different trend. When the NaCl concentration was
increased to 400 mM, the number of DAMs in the stem
increased markedly compared with the control, and the
number of downregulated DAMs was markedly higher
than that of upregulated DAMs. This may be due to the
fact that the stem, as the plant’s transport and support
tissue, has a different adaptation strategy to salt stress
than the root, which mainly reduces salt dependence by
decreasing the activity of certain metabolic pathways,
and thus reduces the physiological stress due to salt
stress. Therefore, the metabolic responses triggered by
salt stress may act through different mechanisms in roots
and stems, thus ensuring plant growth and development
under different stress intensities [48].

Dynamic distribution of metabolite differences

The results of the dynamic distribution of metabolite dif-
ferences revealed different trends of metabolite changes
in the roots and stems of P talassicaXP. euphratica
under salt stress, and highlighted the unique metabolic
mechanisms in reaction with salt stress. The DAMs that
were markedly upregulated in the roots of P. talassica x P.
euphratica included amino acids and derivatives, fla-
vonoids, alkaloids, organic acids and lipids, which may
play an essential function in the plant’s response to salt
stress. The findings align with those previously reported
by Guo ] et al, in their study on Cotton where they
found that under salt stress, cotton can further adapt to
osmotic stress through the accumulation of organic acids
and amino acids [49]. In analysing the metabolomic of
Nitraria sibirica Pall. under salt stress, Li H et al. found
that the DAMs between salt-free and NaCl treatments
were mainly amino acids, organic acids and polyols [50].
In contrast, DAMs that were markedly downregulated in
P talassicaX P. euphratica roots were mainly flavonoids,
phenolic acids, nucleotides and derivatives, and terpe-
noids, and the reduction of these DAMs may be related
to the plant’s strategy of energy conservation and optimal
allocation of resources to cope with the changes in energy
and material requirements in high-salt environments.

In the stem, the DAMs that were markedly upregulated
were primarily flavonoids, amino acids and derivatives,
terpenoids, and organic acid analogues. Flavonoids and
terpenoids compounds are integral to the salt resistance
mechanism of plants, and these substances have antioxi-
dant and antimicrobial properties, which can effectively
reduce the cell damage induced by salt stress. Especially
under high salt stress, the accumulation of flavonoids
compounds may help to improve the antioxidant capacity
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of plants, thus alleviating the negative effects of oxidative
stress [51, 52]. In the stem, the DAMs that were markedly
downregulated were primarily amino acids and deriva-
tives, lipids and alkaloids, and these changes may be
related to the plant’s regulation of metabolic priorities in
the stem to adjust to the demands of salt stress.

Overall, the metabolic responses of the roots and stems
of P talassicaxXP. euphratica showed significant differ-
ences under salt stress, and each had unique salt-tolerant
metabolites. The salt tolerance mechanism in roots may
mainly depend on the accumulation of metabolites such
as amino acids and derivatives, flavonoids and alkaloids,
which may help plants to cope with salt stress by enhanc-
ing osmoregulation, antioxidant capacity, and ion home-
ostasis regulation. The stem, on the other hand, may
enhance its adaptation to salt stress through the accumu-
lation of terpenoids, oganic acids and flavonoids, which
are metabolites that not only effectively slow down the
impacts of salt stress on plant growth, but also maintain
the overall physiological stability of the plant by regulat-
ing the cellular metabolism and increasing the antioxi-
dant capacity of the plant.

KEGG pathway enrichment analysis of DAMs

KEGG pathway enrichment analysis showed that P
talassicaXx P. euphratica exhibited different metabolic
responses under different concentrations of NaCl treat-
ments. The flavonoid biosynthesis pathway was markedly
enriched in both roots and stems under 200 mM NaCl
treatment, suggesting an important salt tolerance role
under salt stress [53]. In contrast, nucleotide metabolism
[54] and purine metabolism [55] pathways were mark-
edly enriched under 400 mM NaCl treatment, suggesting
that plants respond to salt stress by regulating nucleotide
metabolic pathways at higher salt concentrations.

This result suggests that P talassicaXP. euphratica
adopted different metabolic strategies under different salt
concentrations, responding mainly through secondary
metabolite synthesis under moderate salt stress and shift-
ing to nucleotide metabolism-related pathways under
high salt stress. In addition, although roots and stems are
co-enriched in biosynthesis of secondary metabolites,
biosynthesis of cofactors, biosynthesis of amino acids,
flavonoid biosynthesis, and ABC transporters and other
metabolic pathways, there are some differences.

Root-specific enrichment pathways include phenylpro-
panoid biosynthesis, flavone and flavonol biosynthesis,
and tryptophan metabolism, which are closely related to
plant resistance and stress response [56—58]. In contrast,
stems were enriched for biosynthesis of various plant
secondary metabolites, phenylalanine, tyrosine and tryp-
tophan biosynthesis, and aminoacyl-tRNA biosynthesis
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metabolic pathways, suggesting that stems maintain cel-
lular integrity and protein synthesis through extensive
metabolic adjustments [59-61]. These results are con-
sistent with other studies on salt-tolerant plants, sug-
gesting that plants respond to salt stress through specific
metabolic regulation at different parts [62]. Differences in
metabolic pathways enriched in roots and stems further
emphasise the importance of tissue-specific adaptation in
plant response to salt stress (Fig. 15).

Transcriptomic and metabolomic integration analysis
Transcriptomic and metabolomic have opened new ave-
nues for discovering genes related to plant adaptation to
stress, identifying gene functions, and detecting second-
ary metabolites [63]. Based on the combined transcrip-
tomic and metabolomic analysis, the study identified
alterations in multiple metabolic pathways in reaction
with salt stress in the roots and stems of P. talassicax P.
euphratica.

Notably, the biosynthesis of amino acids pathway
showed the highest enrichment of DEGs and DAMs
in all comparison groups of roots and stems, indicating
the prominent regulatory role of amino acid metabolism
under salt stress. In addition, several key metabolic path-
ways such as plant hormone signal transduction, carbon
metabolism and phenylpropanoid biosynthesis showed
significant in DEGs enrichment, while flavonoid biosyn-
thesis, purine metabolism, ABC transporters and 2-Oxo-
carboxylic acid metabolism were significant in DAMs
enrichment analysis.

Amino acid metabolism pathway plays an essential
function in protein biosynthesis, is an integral part of
several biosynthetic pathways, and is involved in signal
transduction processes during plant response to adver-
sity [64]. This study found significant enrichment in the
biosynthesis of amino acids pathway, suggesting that
NaCl alleviates damage to P. talassicaX P. euphratica by
regulating amino acid metabolism. It also highlights the
close relationship between amino acid metabolism and
salt stress, emphasizing its essential function in reaction
with salt stress.

In addition, phytohormones usually require complex
signalling networks in combination with other signalling
pathways to perform their normal functions. Therefore,
understanding plant hormone signalling is a prerequisite
for studying plant defence mechanisms against adver-
sity [65]. Similar to our study, Wang GL et al. found that
the identified DEGs were primarily involved in path-
ways such as plant hormone signal transduction and
MAPK signaling pathway-plant, which have been widely
reported in other plant species [66]. Research on Clero-
dendrum inerme [67], Sophora alopecuroides [68], Cotton
[69], and Aquilegia [70] has shown significant changes in
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Fig. 15 DEGs, DAMs and pathways for salt tolerance of P, talassicax P. euphratica

genes associated with the plant hormone signal trans-
duction pathway under salt stress conditions. Significant
alterations were observed in the genes associated with
the plant hormone signal transduction pathway, and the
DEGs were mainly annotated in the plant hormone signal
transduction pathway, which proved that the plant hor-
mone signal transduction pathway contribute markedly
to the growth process of crops.

Extensive research has demonstrated that metabolic
pathways such as carbon metabolism [71, 72], phenyl-
propanoid biosynthesis [56], flavonoid biosynthesis [73],
purine metabolism [74], ABC transporters [75], and
2-oxocarboxylic acid metabolism [76] are closely associ-
ated with plant salt tolerance, indicating their essential
function in the response of P talassicaX P. euphratica
to salt stress. Through the aforementioned pathways, P
talassicaX P. euphratica gradually adapts to salt stress,
alleviating cell damage caused by osmotic stress, energy
metabolism disturbances, and oxidative stress.

Under continuous salt stress, P talassicaX P. euphra-
tica enhances secondary metabolic pathways, such as
the synthesis of flavonoids and phenylpropanoids. These
compounds not only possess antioxidant properties but
also contribute markedly to the structural fortification of
P talassicaX P. euphratica tissues, thereby enhancing its
long-term adaptability to environmental stressors [77].

O2PLS analysis and gene-metabolite interaction network
analysis

O2PLS analysis revealed strong associations between
DEGs and DAMs in P talassicaXP. euphratica roots
and stems. The top 10 DEGs with the most significant
impact on metabolomic, including LOC105110065 and
LOCI105124002, showed significant associations with
multiple metabolites suggesting that they may play
an important role in the regulation of salt tolerance.
The top 10 DAMs with high impact on transcriptomic,
such as Nystose (mws4163), Xanthosine (mws0668),
and Jasmonoyl-L-Isoleucine (pme2074), are involved
in nucleotides and derivatives, amino acids and deriva-
tives, organic acids and lipids. These metabolites are not
only closely related to the salt tolerance of P. talassica x P
euphratica, but also may enhance its salt tolerance by
regulating the response mechanism of plant cells.

In addition, the results suggest that the molecular
mechanism of salt tolerance in P. talassica X P. euphratica
may involve the coordinated regulation of multiple meta-
bolic pathways. In particular, the interaction between
DEGs such as LOCI05124002 and specific metabolites,
such as Jasmonoyl-L-Isoleucine (pme2074), suggests
that the salt stress response of plants may be regulated
through the modulation of phytohormone synthesis
and signal transduction. Jasmonic acid and its deriva-
tives play an important role in plant stress tolerance,
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and it has been shown that jasmonic acid can improve
salt stress tolerance by regulating the activity of antioxi-
dant enzymes and enhancing plant membrane stability
[78]. Thus, the strong association of LOC105124002 with
Jasmonoyl-L-Isoleucine (pme2074) may reveal an impor-
tant regulatory pathway for salt tolerance. Other gene-
metabolite interactions also provide new insights into the
mechanism of salt tolerance in P. talassicaX P. euphrat-
ica, suggesting that mutual regulation between DEGs and
metabolites may act synergistically under salt stress.

Accumulation of major metabolites in the biosynthesis

of amino acids pathway in P. talassica x P. euphratica

under salt stress

Under salt stress conditions, the biosynthesis of amino
acids pathway in P talassicaXP euphratica exhib-
its significant metabolic remodeling. The substantial
down-regulation of upstream metabolites, including Shi-
kimate, Anthranilic acid, Phenylpyruvic acid, and Phos-
phoenolpyruvate, suggests that plants may suppress the
accumulation of these early precursors to prioritize the
allocation of metabolic resources to downstream prod-
ucts with greater stress-adaptive functions. This realloca-
tion of metabolic flux aligns with the strategy of efficient
energy and resource utilization and may also help plants
maintain a balance between carbon and nitrogen metab-
olism under salt stress [79].

The reduction in Phosphoenolpyruvate may be associ-
ated with its competitive demand in glycolysis and the
TCA cycle, thereby facilitating the biosynthesis of amino
acids and other secondary metabolites [80]. The significant
up-regulation of downstream metabolites highlights their
essential function under salt stress. For instance, the nota-
ble accumulation of Histidine, Valine, Tyrosine, Phenylala-
nine, and Tryptophan indicates that these metabolites not
only contribute to protein synthesis but also are essential
for osmotic regulation and antioxidant defense [81, 82].
Previous studies have demonstrated that aromatic amino
acids, such as Phenylalanine and Tryptophan, serve as pre-
cursors for secondary metabolites (phenolic compounds
and indole derivatives), which are critical in mitigating the
accumulation of reactive oxygen species [83, 84].

The up-regulation of Ornithine may enhance mem-
brane stability and alleviate oxidative damage by pro-
moting the synthesis of polyamines, such as spermidine
and spermine [85]. Among nitrogen-containing metab-
olites, the significant up-regulation of Homoserine,
Lysine, and N-Acetyl-glutamate further indicates that
salt stress induces a redistribution of nitrogen metab-
olism to maintain cellular homeostasis. For instance,
N-Acetyl-glutamate, as a precursor for Ornithine and
polyamine synthesis, is likely to play an essential func-
tion in the salt tolerance mechanisms of plants [86, 87].
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Furthermore, the enrichment of Glutamine and Aspar-
agine not only reflects their essential function as nitro-
gen storage and transport molecules but also highlights
their involvement in regulating cellular nitrogen bal-
ance and amino acid cycling under salt stress, thereby
enhancing the adaptive capacity of plants [88, 89].

In addition, differences in metabolite accumulation
patterns provide valuable insights into metabolic pri-
orities. For example, the down-regulation of 2-Ami-
noadipate and Serine may indicate that they play a less
significant role in stress response, while metabolic
resources being preferentially allocated to other key
metabolites [90]. In contrast, the sustained up-regulation
of Leucine and Valine may further support plant survival
in high-salt environments by enhancing protein stability
and regulating intracellular osmotic pressure [91, 92].

Taken together, the dynamic changes of these metabo-
lites demonstrated the precise mechanisms of energy and
substance regulation in P. talassica X P. euphratica under
salt stress. On the one hand, the reduction of upstream
metabolites reflects the redistribution of metabolic flux
to ensure the synthesis of downstream key metabolites.
On the other hand, the significant accumulation of down-
stream metabolites highlighted their physiological roles
in salt stress resistance. These metabolic regulatory strat-
egies suggest that P talassicaX P. euphratica effectively
coordinates carbon and nitrogen balance and enhances
stress tolerance mechanisms through reprogramming
metabolic networks to adapt to salt stress.

Similar to our study, Wu Y et al. reported in their
research on Carex rigescens that six amino acids involved
in the amino acid biosynthesis pathway—namely, Valine,
Phenylalanine, Isoleucine, Tryptophan, Threonine, and
Serine were accumulated following salt stress treatment
[93]. Likewise, Hildebrandt TM et al. observed in Arabi-
dopsis that several highly abundant amino acids, includ-
ing proline, arginine, asparagine, glutamine, and GABA,
are synthesized during abiotic stress. These amino acids
function as compatible osmolytes, precursors for sec-
ondary metabolites, or storage forms of organic nitrogen
[94]. It has been demonstrated that these amino acid ana-
logues are also crucial for the stress resistance of P. talas-
sica X P. euphratica.

Conclusions

This study first reveals the growth and physiological
response patterns of P. talassica X P. euphratica seedlings
under salt stress. The 200 mM NaCl treatment markedly
increased root length, root surface area, root branching
number, and root-to-shoot ratio, and contributed to the
accumulation of plant biomass. Particularly on the sec-
ond day after the 45th day of NaCl treatment, all mor-
phological parameters were markedly higher than those
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in the control group. Under moderate low salt stress, P
talassica X P. euphratica is able to coordinate the growth
of both aboveground and underground parts, enhanc-
ing salt tolerance. This suggests that under low salt
conditions, P talassicaX P. euphratica may exhibit salt
tolerance. However, under 400 mM NaCl treatment, bio-
mass accumulation, root length, root surface area, root
branching number, root-to-shoot ratio, and RWC were
all markedly lower compared to the control, with the
most pronounced effects observed on the second day
after the 45th day of NaCl treatment. This suggests that
high-concentration salt stress inhibits the growth and
water balance of P, talassica X P. euphratica.

The above results further proved that under the low
salt treatment (200 mM NaCl), P talassicaX P. euphra-
tica was able to coordinate the growth of above-ground
and below-ground parts and enhance the salt tolerance,
which indicated that the salt treatment might be associ-
ated with the plant’s ability to tolerate salinity through
certain physiological mechanisms. Whereas, under high
salt concentration (400 mM NacCl), the growth and water
balance of the plant were markedly inhibited, which
may indicate that the treatment is associated with the
plant’s ability to reduce salt accumulation or control salt-
induced damage through certain mechanisms, and may
be a strategy for the plant to avoid salt.

Meanwhile, transcriptomic analysis revealed that the
pathways involved in gene enrichment in roots and stems
of P talassicaxP euphratica differed in the salt tolerance
response, suggesting that roots and stems may adapt to salt
stress through different metabolic mechanisms. In addi-
tion, several core pathways such as plant hormone signal
transduction > phenylpropanoid biosynthesis + MAPK signal-
ing pathway—plant » plant—pathogen interaction ~ glycolysis
/  gluconeogenesis » carbon metabolism > biosynthesis of
amino acids » ABC transporters » pyruvate metabolism, and
several key TFs such as AP2/ERF, NAC, WRKY and bZIP [22].

The results showed that the DAMs that were mark-
edly upregulated in both roots and stems of P. talas-
sicaxXP. euphratica were mainly flavonoids, amino
acids and derivatives, of which the upregulated DAMs
specific to stems included alkaloids, organic acids and
lipids, while the upregulated DAMs specific to roots
were phenolic acids, terpenoids and organic acid ana-
logs. The DAMs that were markedly downregulated in
both roots and stems were mainly flavonoids, phenolic
acids, nucleotides and derivatives, while the downreg-
ulated DAMs specific to stems included amino acids
and derivatives, lipids and alkaloids in stems, and ter-
penoids in roots.These results suggest that unique
salt-tolerant metabolites are present in both roots and
stems of P talassicaX P. euphratica in reaction with
external salt stress.
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KEGG pathway enrichment analysis showed that flavo-
noid biosynthesis pathway was the unique salt-tolerant
metabolic pathway in the roots and stems of P talas-
sicaX P, euphratica under 200 mM NaCl treatment,
whereas nucleotide metabolism and purine metabolism
metabolic pathways were the metabolic pathways in the
roots of P. talassica X P. euphratica under 400 mM NaCl
treatment. This is a unique salt-tolerant pathway in the
roots and stems of P talassicaXP. euphratica, which
is a unique salt-tolerant way in reaction with different
concentrations of salt stress. In addition, the metabolic
pathways of biosynthesis of secondary metabolites, bio-
synthesis of cofactors, biosynthesis of amino acids, fla-
vonoid biosynthesis, and ABC transporters were jointly
enriched in the roots and stems of P talassicaxP.
euphratica.

The unique metabolic pathways enriched in roots were
phenylpropanoid biosynthesis, flavone and flavonol bio-
synthesis, and tryptophan metabolism pathway. The
unique metabolic pathways enriched in stems were the
biosynthesis of various plant secondary metabolites, phe-
nylalanine, tyrosine and tryptophan biosynthesis, and
aminoacyl-tRNA biosynthesis pathways, demonstrating
that the metabolic pathways enriched in roots and stems
of P talassicax P. euphratica are somewhat different in
reaction with salt stress.

Finally, through transcriptomic and metabolomic inte-
grated analysis, the metabolic regulation characteristics
of P talassica X P. euphratica under different salt stress
conditions were revealed. KEGG enrichment analysis
showed that the biosynthesis of amino acids pathway
was markedly enriched in all comparison groups. Both in
the roots and stems of P, talassica X P. euphratica, a large
number of DEGs and DAMs were enriched, indicating
the central role of this pathway in the plant’s response to
salt stress. In addition, several important pathways, such
as plant hormone signal transduction, carbon metabo-
lism, and phenylpropanoid biosynthesis, also exhibited
significant enrichment of DEGs in various comparison
groups, highlighting the critical roles of these pathways
in the salt stress response.

Furthermore, the enrichment of DEGs in pathways
such as flavonoid biosynthesis, purine metabolism, ABC
transporters, and 2-oxocarboxylic acid metabolism
was also observed in specific groups, particularly in the
RCK_vs_R400 and SCK_vs_S400 comparison groups.
This suggests that these DAMs may contribute to salt tol-
erance in plants by regulating cellular osmotic pressure
and enhancing antioxidant capacity under high salt stress
conditions.

The associations between DEGs and DAMs in
roots and stems of P talassicaXP. euphratica were
revealed by O2PLS analysis. The top 10 DEGs with
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the most significant impact on metabolomic were
LOC105110065 and LOCI05124002, among others,
whereas the top 10 DAMs with high impact on tran-
scriptomic included Nystose (mws4163), Xanthosine
(mws0668) and Jasmonoyl-L- Isoleucine (pme2074).

These DEGs and DAMs were mainly involved in
nucleotides and derivatives, amino acids and deriva-
tives, organic acids and lipids, suggesting that they were
closely related to the salt tolerance of P talassicaxP.
euphratica. Interaction network analysis further revealed
significant interactions between these DEGs and several
DAMs, especially the strong association between gene
LOCI105124002 and metabolites such as Jasmonoyl-L-
Isoleucine (pme2074), verifying their important roles
in the mechanism of salt tolerance of P talassicaxP.
euphratica.

In summary, using transcriptomic and metabolomic
datasets, this study successfully identified many candidate
DEGs and DAMs that are involved in the key biological
pathways behind salt tolerance in P. talassica X P. euphra-
tica. For example, the key role of biosynthesis of amino
acids and plant hormone signal transduction in reaction
with salt stress in P talassicaX P. euphratica cannot be
ignored. And the interactions between DEGs and DAMs
play an important role in salt stress resistance in Populus
tremula. These findings enhance our understanding of the
transcriptional and metabolic mechanisms of salt toler-
ance in P, talassica X P. euphratica, offer new perspectives
for further research on the salt tolerance mechanisms of
this species, and lay a foundation for the future improve-
ment of salt tolerance in Populus plants.
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