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Abstract
Background  Salsola collina Pall. is a typical food-medicinal resource with considerable nutritional and medicinal 
value. However, systematic investigations into the dynamic changes in the chemical composition of the leaves of this 
species during the growth cycle remain limited to date.

Results  An integrated approach of transcriptomics and metabolomics was employed to identify and analyze 
the metabolites and genes in S. collina leaves at different growth stages in this study. A total of 1,125 differentially 
accumulated metabolites (DAMs) and 16,200 differentially expressed genes (DEGs) were identified. Mapping of the 
DEGs and DAMs to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways revealed the significant enrichment 
of the phenylpropanoid biosynthesis pathway and flavonoid biosynthesis pathway, which were then considered core 
metabolic pathways. Within these two pathways, 258 DEGs and 26 DAMs were detected. The C4H and 4CL genes were 
expressed at relatively high levels during flowering, and the expression levels of most CHS, F3H, FLS, and ANR genes 
were relatively high during fruiting. The total flavonoid, polyphenol, and alkaloid contents peaked at the flowering 
stage, with values of 8.944 mg/g, 6.659 mg/g, and 6.616 mg/g, respectively.

Conclusions  This study elucidates the regulatory effect of growth stage on the secondary metabolites in S. collina 
leaves, providing a theoretical basis and experimental evidence to support the research aimed at determining the 
precise harvesting time and realizing the efficient utilization of S. collina resources.
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Introduction
Salsola collina Pall. is a species belonging to the order 
Caryophyllales and family Amaranthaceae, and is wide-
spread in Henan, Sichuan, Yunnan, Jiangsu, and other 
places in China [1, 2]. The whole herb S. collina is used as 
a medicine for treating hypertension, headache, insom-
nia, constipation, and dizziness in China [3].

S. collina has been utilized for culinary, pharmaceuti-
cal, and health purposes [1]. The extract of S. collina pro-
motes intestinal peristalsis, reduces blood lipid levels, 
and improves gastric emptying; it also exerts a certain 
pharmacological effect that is useful in the treatment of 
diabetic gastroparesis [4–6]. S. collina reportedly pos-
sesses significant anti-aging activity, and a novel prepa-
ration derived from its components demonstrates dual 
senomorphic and senolytic activities. The preparation 
exerts specific anti-aging effects by regulating the p53-
CDK2 signaling pathway, improves senescent pheno-
types in both senescent cells and animal models, and 
extends healthy lifespan, all of which further support 
its potential as a natural resource for pharmacological 
interventions[7].

Various secondary metabolites have been identified 
from Salsola so far, including flavonoids, alkaloids, phe-
nolic acids, fatty acids and their derivatives, and sterols 
[8–12]. Li et al. reported successful detection of 637 
metabolites in the leaves and roots of S. collina. Among 
these metabolites, flavonoids accounted for 23.55% of 
the total composition, phenylpropanoids accounted for 
18.05%, lipids 17.58%, amino acids 10.99%, and alkaloids 
6.9%. Flavonoids, alkaloids, lignans, and coumarins are 
speculated to be the main bioactive components of Sal-
sola [13].

The chemical composition and pharmacological activ-
ity of plants significantly differ at different developmen-
tal stages [14]. The accumulation of active materials in 
plants is influenced by various factors, including the 
plant growth process, degree of organ differentiation, 
and maturity [15, 16]. For example, the contents of active 
components in Lonicera japonica Thunb. peak at milky 
and early white bud stages [17]. The contents of poly-
saccharides and amino acids in the fruiting bodies of 
Ganoderma lucidum (Curtis) P. Karst were positively cor-
related with their growth stages, and the aqueous extract 
of fruiting bodies at the cyan mature stage exhibited the 
most significant hepatoprotective effect [18]. The blood 
pressure-regulating effect of S. collina varies with the 
growth stage [2]. Moreover, there is a lack of systematic 
research on the dynamic changes in the composition of 
active substances in S. collina during development.

In this study, metabolomics and transcriptomics tech-
nologies were employed to analyze and screen the DAMs 
and DEGs of the leaves of S. collina during development. 
Moreover, the differentially expressed genes related to 

the flavonoid synthesis pathway in S. collina and the can-
didate genes and metabolites that play key roles in the 
flavonoid biosynthesis pathway were identified. These 
results shed light on the metabolic pathways underlying 
development, providing novel ideas and a scientific basis 
for the application of S. collina.

Materials and methods
Plant materials
The wild individuals of Salsola collina Pall. were collected 
from Luoyang Normal University, Henan Province, China 
(N 34°37′43″, E 112°36′4″). The S. collina leaves samples, 
L‑Sc1, L‑Sc2 and L‑Sc3, were collected at the juvenile 
stage (April 2023), flowering stage (July 2023), and fruit-
ing stage (September 2023). Some of the samples was fro-
zen in liquid nitrogen at − 80 °C to extract the RNA and 
the metabolites. The other samples was washed and then 
dried in oven at 37 °C for the determination of total flavo-
noid, phenol, and alkaloid contents. Furthermore, all the 
experiments were conducted in three biological samples 
to ensure reproducibility.

Metabolite profiling using UPLC-MS/MS
The freeze-dried samples were crushed using a mixer 
mill (MM 400, Retsch) and zirconia beads for 1.5 min at 
30 Hz. One hundred milligrams of powder was weighed 
and extracted overnight at 4 °C in 1.0 mL of 70% aqueous 
methanol (v/v). Following centrifugation at 10,000 × g for 
10 min, the extracts were filtered using a Millipore filtra-
tion system (ANPEL, Shanghai, China) before the LC-MS 
analysis. For each sample, three biological replicates 
were independently analyzed, and the UPLC-MS analy-
sis was carried out using a 6500 triple quadrupole-linear 
ion trap mass spectrometer (AB Sciex, Framingham, 
USA) under the following conditions: HPLC column, 
Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 
100 mm); solvent system, water (0.04% acetic acid): ace-
tonitrile (0.04% acetic acid); gradient program, 95:5 V/V 
at 0  min, 5:95  V/V at 11.0  min, 5:95  V/V at 12.0  min, 
95:5 V/V at 12.1 min, 95:5 V/V at 15.0 min; flow rate, 0.40 
mL/min; temperature, 40 °C; injection volume, 2 µL. The 
sample was injected into the chromatographic column. 
Driven by the mobile phase, different compounds eluted 
from the column sequentially at different retention times. 
Afterwards, the effluent was introduced into an electro-
spray ionization (ESI) source for vaporization and then 
entered the triple quadrupole-linear ion trap (QTRAP)-
MS an electrospray ionization (ESI)-triple Q-TRAP-MS.

The mass spectrometry analysis followed the methods 
of Chen et al. [19]. The ESI source operation parameters 
were as follows: ion source, turbo spray; source temper-
ature, 500  °C; ion spray voltage (IS), 5500 V; ion source 
gas I (GSI), gas II (GSII), and curtain gas (CUR) set at 55, 
60, and 25.0 psi, respectively; high collision gas (CAD). 
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Instrument tuning and mass calibration were performed 
using 10 and 100 µmol/L polypropylene glycol solutions 
in QQQ and LIT modes, respectively. The QQQ scans 
were acquired as multiple reaction monitoring (MRM) 
experiments, and the collision gas (nitrogen) pressure 
was set to 0.34 bar. Qualitative and quantitative analyses 
of the metabolites were conducted following the methods 
of Wang et al. [20]. Qualitative analysis of the primary 
and secondary MS data was carried out through the com-
parison of accurate precursor ion (Q1) and product ion 
(Q3) values and retention time (RT) values using the self-
built database MWDB (MetWare Biotechnology Co. Ltd. 
Wuhan, China) and public metabolite databases, namely, 
MassBank (http://www.massbank.jp/), KNAPSAcK (​h​
t​t​p​​:​/​/​​k​a​n​a​​y​a​​.​n​a​​i​s​t​​.​j​p​/​​K​N​​A​p​S​A​c​K​/), HMDB ​(​​​h​t​t​p​:​/​/​w​w​
w​.​h​m​d​b​.​c​a​/​​​​​)​, MoToDB (http://www.ab.wur.nl/moto/), 
ChemBank (​h​t​t​p​​:​/​/​​c​h​e​m​​b​a​​n​k​.​​m​e​d​​.​h​a​r​​v​a​​r​d​.​e​d​u​/​c​o​m​p​o​u​
n​d​s), PubChem (​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​b​​l​o​g​​.​n​c​b​​i​.​​n​l​m​.​n​i​h​.​g​o​v​
/), NIST Chemistry Webbook (http://webbook.nist.gov/), 
and METLIN (​h​t​t​p​​:​/​/​​m​e​t​l​​i​n​​.​s​c​​r​i​p​​p​s​.​e​​d​u​​/​i​n​d​e​x​.​p​h​p). The 
quantitative analysis of metabolites was performed using 
MRM analysis and QQQ mass spectrometry. To monitor 
analytical drift and matrix effects, 2-chlorophenylalanine 
was added to the samples as an internal standard. In the 
MRM mode, the quadrupole filters the precursor ions of 
the target substance and excludes the ions corresponding 
to the other molecular weights to eliminate interference. 
After the metabolite MS data of the different samples are 
obtained, peak area integration is performed. Finally, the 
chromatographic peak area was used to determine the 
relative metabolite contents.

Metabolomic data analysis
The filtered data were submitted to Simca-P software 
(version 13.0, Umetrics AB, Umea, Sweden) to attain the 
results for unsupervised principal component analysis 
(PCA) and orthogonal partial least squares-discriminant 
analysis (OPLS-DA) [21]. Hierarchical clustering analysis 
of the metabolites between the samples was performed 
using R software (www.r-project.org). In order to identify 
the differentially accumulated metabolites (DAMs), the 
screening criteria of fold change ≥ 2 or ≤ 0.5 and variable 
importance in project (VIP) ≥ 1 were used.

RNA-seq analysis
The S. collina samples were extracted through etha-
nol precipitation and CTAB-PBIOZOL. Approximately 
50–100 mg of ground S. collina leaves was lysed in 1 mL 
CTAB buffer supplemented with β-mercaptoethanol via 
gentle inversion. Following incubation at 65 °C (800 rpm, 
10  min) in a thermomixer, homogenates were centri-
fuged at 12,000 × g for 5 min at 4 °C. Supernatants were 
extracted twice with an equal volume of chloroform/iso-
amyl alcohol (24:1, v/v), then mixed with an equal volume 

of LiCl solution and precipitated at − 20  °C for ≥ 2  h. 
After centrifugation at 12,000 × g for 20 min at 4 °C, pel-
lets were washed with 75% ethanol, air-dried, and resus-
pended in 30 µL DEPC-treated water containing 1% 
DNase I. Following vortexing and incubation at 37 °C for 
10  min, samples were briefly centrifuged and stored at 
− 80 °C until use [22]. A TruSeqTM RNA sample prepa-
ration kit (Illumina, United States) was used according 
to the manufacturer’s instructions, and cDNA libraries 
were generated from the mRNA from each sample. Since 
there is no reference genome available for S. collina, clean 
reads were subjected to transcript assembly using Trin-
ity, and the assembled transcripts were clustered and 
de-redundanded with Corset [23]. Fragments per kilo-
base million (FPKM) values were used to evaluate gene 
expression. Raw read counts were used to perform dif-
ferential expression analysis across sample groups using 
DESeq2 [24]. The Benjamini-Hochberg method was 
applied to correct the P values obtained from hypothesis 
tests for multiple testing, thereby calculating the False 
Discovery Rate (FDR). The filter criterion was | log2(fold 
change) | > 1, with a FDR < 0.05. In order to further 
understand the functions and important pathways of the 
identified DEGs, TopGO and clusterProfiler were utilized 
for enriching all DEGs through Gene Ontology (GO) and 
the Kyoto Encyclopedia of Genes and Genomes (KEGG).

Quantitative real-time PCR (qRT-PCR) analysis
Total RNA was isolated using a Plant RNA Extraction Kit 
(Cat. No. 9769; TakaRa Biotechnology Inc., Shiga, Japan). 
The concentration of the extracted RNA was measured 
using a NanoDrop 2000 (ThermoFisher Scientific Inc., 
Waltham, USA). First-strand cDNA was synthesized 
from 1 µg of the total RNA by following the protocol pro-
vided with the PrimeScript™ RT reagent kit with gDNA 
Eraser (Cat. No. RR047A; TakaRa Biotechnology Inc., 
Shiga, Japan). The qRT-PCR analysis was carried out 
using the CFX96™ Real-Time System (Bio-Rad Labora-
tories, Inc., Hercules, USA). qRT-PCR was carried out 
in 25 µL reaction volumes (TakaRa, Cat. No. RR820A) 
with gene specific primers as directed by the manufac-
turer. The Bio-Rad CFX96 Real-Time PCR Detection Sys-
tem was employed to identify and monitor the generated 
amplification signals. The qPCR programme was initi-
ated with a preliminary step of 95  °C for 35  s, followed 
by 40 cycles of 95 °C for 5 s, 60 °C for 30 s, and 72 °C for 
10 s. Relative expression values were calculated using the 
2 –ΔΔCt method [25]. The ACTIN gene (Cluster-25127.76) 
was used as the internal control [26]. All expression level 
data obtained through qRT-PCR were based on three 
biological samples and three replicates for each sample. 
The primers used for qRT-PCR are provided in Table S1.

http://www.massbank.jp/
http://kanaya.naist.jp/KNApSAcK/
http://kanaya.naist.jp/KNApSAcK/
http://www.hmdb.ca/
http://www.hmdb.ca/
http://www.ab.wur.nl/moto/
http://chembank.med.harvard.edu/compounds
http://chembank.med.harvard.edu/compounds
https://pubchemblog.ncbi.nlm.nih.gov/
https://pubchemblog.ncbi.nlm.nih.gov/
http://webbook.nist.gov/
http://metlin.scripps.edu/index.php
http://www.r-project.org
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Determination of bioactive substances
In this study, the contents of flavonoids, total phenols, 
and alkaloids were used to compare the bioactive sub-
stances L-Sc1, L-Sc2, and L-Sc3. The flavonoid con-
tent was determined using a Plant Flavonoid Content 
Assay Kit (BC1330, Solarbio Life Sciences) with visible 
spectrophotometry. The assay is based on the forma-
tion of a characteristic red complex between flavonoids 
and aluminum ions in an alkaline nitrite system, with 
absorbance detected at 470  nm. Each specimen, weigh-
ing about 0.1 g, was extracted with 1 mL of 60% ethanol 
under ultrasonic conditions (300  W, 60  °C) for 30  min. 
The mixture was then centrifuged at 12,000  rpm for 
10  min. Subsequent to supernatant isolation, an aliquot 
comprising 0.2 mL of the sample was blended with 0.05 
mL of 5% sodium nitrite (NaNO2) and incubated for a 
duration of 5 min. After that, 0.05 mL of NaOH (4%) was 
poured after adding another 0.4 mL of 5% NaNO2, mix-
ing, and incubating for a duration equal to 5 min. Follow-
ing vortex mixing and incubation, the reaction mixture 
was incubated at 37  °C for 45  min, then centrifuged at 
10,000 × g for 10 min. The blank was a reagent solution 
that contained distilled water. Total flavonoid concentra-
tions were determined using a rutin standard curve and 
absorbance measurements at 470 nm [27].

	 Plant flavonoid content = C × V × N/W � (1)

 
where, C represents the concentration of the sample 

(mg/mL), V represents the extracted volume (mL), N 
represents the sample dilution factor, and W represents 
the sample mass.

Total phenolic content was determined using the 
Plant Total Phenol (TP) Assay Kit (BC1340, Solarbio, 
Beijing, China) with visible spectrophotometry. The 
method is based on the reduction of Folin-Ciocalteu 
reagent by phenolic compounds under alkaline condi-
tions to generate a blue compound with characteristic 
absorption at 760 nm. Approximately 0.1 g of sample was 
extracted with 2.5 mL of 60% ethanol in an ultrasonic 
bath (300 W, 60  °C) for 30 min, followed by centrifuga-
tion at 12,000 rpm for 10 min. Gallic acid was used as the 
standard for calibration curve construction. Subsequent 
to supernatant isolation, 50 µL of supernatant was mixed 
with 250 µL of Folin–Ciocalteu reagent and incubated 
at room temperature for 2 min, then mixed with 250 µL 
of alkaline sodium carbonate solution and 450 µL of dis-
tilled water, and incubated for another 10 min. The blank 
was a reagent solution that contained distilled water, 
absorbance was measured at 760 nm.Total phenolic con-
tent was calculated as mg per gram dry weight using the 
standard curve [28].

	 Total phenolic content = C × V × N/W � (2)

 
where, C represents the concentration of the sample 

(mg/mL), V represents the extracted volume (mL), N 
represents the sample dilution factor, and W represents 
the sample mass.

Total alkaloid content was determined using an Alka-
loid Assay Kit (BC6230, Solarbio Life Sciences, Beijing, 
China) with visible spectrophotometry. The method 
is based on the reaction of alkaloids with bromocresol 
green to form a yellow-green complex with characteris-
tic absorption at 416 nm. Approximately 0.1 g of sample 
was extracted with 1 mL of extraction buffer at room 
temperature under ultrasonication for 60  min, followed 
by centrifugation at 8000 × g for 10 min, and the super-
natant was collected for analysis. Briefly, 150 µL of sam-
ple supernatant, standard solution, extraction solution, 
methanol, was mixed with 300 µL of bromocresol green 
chromogenic reagent and 750 µL of auxiliary reagent, 
vortexed, and incubated at room temperature for 5 min. 
Then, 1500 µL of chloroform was added, mixed thor-
oughly, and left to stand for 40 min at room temperature. 
The lower chloroform layer was collected and measured 
at 416 nm. Berberine hydrochloride was used as a refer-
ence standard, and the results were expressed as berber-
ine hydrochloride equivalents in mg/g extract [29].

	 Total alkaloid content = C × V × N/W � (3)

 
where, C represents the concentration of the sample 

(mg/mL), V represents the extracted volume (mL), N 
represents the sample dilution factor, and W represents 
the sample mass.

Statistical analysis
Statistical analyses were conducted using R software and 
IBM SPSS statistical software (​h​t​t​p​​s​:​/​​/​w​w​w​​.​i​​b​m​.​​c​o​m​​/​a​n​
a​​l​y​​t​i​c​​s​/​s​​p​s​s​-​​s​t​​a​t​i​s​t​i​c​s software). The data were analyzed 
using one-way analysis of variance (ANOVA) and Pear-
son’s correlation tests at the 5% significance level.

Results
Comparison of the concentrations of the principal 
chemical constituents of S. collina leaves during different 
stages
In order to investigate the dynamic changes in the bio-
active components of S. collina leaves, flavonoids, 
polyphenols, and alkaloids were quantified at three devel-
opmental stages (Fig. 1). The results revealed differences 
in the flavonoid, polyphenol, and alkaloid contents of 
the S. collina leaves. As shown in Fig. 1A and B, the total 
flavonoids and total polyphenols increased from L-Sc1 

https://www.ibm.com/analytics/spss-statistics
https://www.ibm.com/analytics/spss-statistics
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to L-Sc2, demonstrated a gradual decrease from L-Sc2 
to L-Sc3, and the maximum values reached 8.944  mg/g 
and 6.659  mg/g, respectively, at the flowering stage(L-
Sc2). Moreover, the alkaloid content of S. collina leaves 
was measured at different developmental stages (Fig. 1C). 
There was a slight increase in the alkaloid content from 
L-Sc1 to L-Sc2, a very significant decrease from L-Sc2 to 
L-Sc3, and the highest alkaloid content of 6.616 mg/g was 
found in the flowering stage(L-Sc2). These results indi-
cated that the flowering stage is the optimal period for 
flavonoid, polyphenol, and alkaloid accumulation.

Metabolic profiling and changes between the different 
stages of S. collina leaf development through PCA and 
OPLS-DA
In order to evaluate the changes in the intracellular 
metabolism of S. collina leaves, dynamic profiling of the 
intracellular metabolites was performed using widely 
targeted metabolomics methods. The metabolites were 
quantitatively analyzed using software Analyst under 
the multiple reaction monitoring modes (Fig. S1). A 
total of 1,820 metabolites were identified in the Salsola 
leaves (Fig.  2A and Table S2). As shown in Fig.  2B, the 

Fig. 2  Qualitative and quantitative analyses of the metabolomics data of Salsola leaves. A Heatmap of quantified metabolites. Color scale represents 
relative metabolite accumulation levels. B A ring chart depicting the number of different metabolite classes. C A scatter plot displaying PCA scores for all 
metabolites. OPLS-DA for (D) L-Sc1 vs. L-Sc2, (E) L-Sc1 vs. L-Sc3, and (F) L-Sc3 vs. L-Sc2

 

Fig. 1  Contents of the major chemical components in Salsola collina.A Content of total flavonoids. B Content of total polyphenols. C Contents of total 
alkaloids. *p < 0.05, significant difference; **p < 0.01, highly significant difference for the same index among different growth stages
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metabolites were identified and could be categorized 
into over 13 different classes, including 434 flavonoids 
(23.85%), 291 phenolic acids (15.99%), 207 alkaloids 
(11.37%), 187 lipids (10.27%), 135 amino acids and their 
derivatives (7.42%), 103 organic acids (5.66%), 91 lignans 
and coumarins (5.00%), 67 nucleotides and their deriva-
tives (3.68%), 64 terpenoids (3.52%), 34 quinones (1.87%), 
11 tannins (0.60%), five steroids (0.27%), and 191 others 
(10.49%).

In order to further analyze the degree of variability 
in the intergroup samples and intragroup samples, the 
metabolite profiles of 9 samples were subjected to PCA. 
The two principal components, PC1 and PC2, explained 
45.04% and 16.56% of the total variability, respectively. In 
the PCA plot, the L-Sc1, L-Sc2, and L-Sc3 samples were 
clearly separated (Fig. 2C). The OPLS-DA score plot also 
revealed an obvious separation between the discriminant 
classes L-Sc1, L-Sc2, and L-Sc3 (Fig. 2D, E and F). High 
predictability (Q2) and strong goodness of fit (R2X, R2Y) 
were observed between L-Sc1 and L-Sc2 (Q2 = 0.961, 
R2X = 0.696, R2Y = 1; Fig. S2A), L-Sc1 and L-Sc3 

(Q2 = 0.981, R2X = 0.73, R2Y = 1; Fig. S2B), and L-Sc3 and 
L-Sc2 (Q2 = 0.957, R2X = 0.677, R2Y = 1; Fig. S2C). The 
parameters indicated that these models were stable and 
reliable and could, therefore, be used to further identify 
the differentially abundant metabolites. Taken together, 
these results suggested that L-Sc1, L-Sc2, and L-Sc3 pre-
sented significantly distinct metabolic profiles.

Metabolomic variations among the different stages of S. 
collina leaf development
In order to dissect the metabolic variations among the 
different stages of S. collina, the metabolite profiles of 
L-Sc1, L-Sc2, and L-Sc3 were compared, and the signifi-
cantly differentially abundant metabolites (DAMs) were 
selected. As presented in Fig. 3A and Table S3, a total of 
1125 DAMs were identified, mainly including 252 flavo-
noids (22.4%), 212 phenolic acids (18.84%), 143 alkaloids 
(12.71%), and 107 lipids (9.51%). In order to analyze the 
DAM accumulation pattern, the metabolomics data were 
centralized and standardized, and then analyzed using 
K-means clustering. As shown in Fig.  3B and Table S4, 

Fig. 3  (A) Component analysis of the identified metabolites in Salsola. B K-means clustering analysis of the DAM accumulation patterns in Salsola. C 
DAMs that were upregulated or downregulated in the different stages of Salsola leaf development. D Venn diagram showing the number of DAMs in 
L-Sc1, L-Sc2, and L-Sc3 groups
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the DAMs were clustered into two subclasses. A total of 
678 metabolites in subclass 1 gradually increased with 
leaf development. A total of 447 metabolites in subclass 2 
presented the highest relative concentrations at the flow-
ering stage.

Among the three S. collina leaf samples, 707, 930, and 
616 DAMs were detected in L-Sc1 vs. L-Sc2, L-Sc1 vs. 
L-Sc3, and L-Sc3 vs. L-Sc2, respectively. Compared with 
those in L-Sc2, there were 259 upregulated metabolites 
and 448 downregulated metabolites in L-Sc1. Compared 
with those in L-Sc3, 328 and 602 metabolites were upreg-
ulated and downregulated in L-Sc1, respectively. Com-
pared with those in L-Sc2, 388 and 228 metabolites were 
upregulated and downregulated in L-Sc3 (Fig.  3C and 
Table S5).

A Venn diagram was prepared to illustrate the common 
and unique metabolite changes between the different 
comparison groups, the data of which are summarized in 
Table S6. As shown in Fig. 3D, L-Sc1 vs. L-Sc2 and L-Sc1 
vs. L-Sc3 had 318 DAMs, including dopamine, kakkalide, 
and laricitrin. A total of 83 unique metabolites, includ-
ing flavonoids, lipids, amino acids, and their derivatives, 
were observed in L-Sc1 vs. L-Sc2. There were 50 metabo-
lites common to L-Sc1 vs. L-Sc2 and L-Sc3 vs. L-Sc2, and 
62 unique metabolites were found in L-Sc3 vs. L-Sc2. 
248 common metabolites were observed between L-Sc1 
and L-Sc3 and between L-Sc3 and L-Sc2, and 108 unique 
metabolites were found between L-Sc3 and L-Sc2. L-Sc1 
vs. L-Sc2, L-Sc1 vs. L-Sc3, and L-Sc3 vs. L-Sc2 shared 256 
metabolites with common changes. These substances 
were mainly flavonoids, phenolic acids, and alkaloids, 
which play critical roles in the growth and development 
of Salsola. Accordingly, these key metabolites, including 
flavonoids, phenolic acids, and alkaloids, were selected 
for further investigation.

In this study, a total of 252 differential flavonoids were 
identified, encompassing 10 categories that included 
flavones, flavonols, and dihydroflavones. The heatmap 
depicted in Fig. 4A shows 70 common differential flavo-
noids, such as chrysin, hesperetin, homoeriodictyol, and 
naringenin (5,7,4’-trihydroxyflavanone); 32 unique flavo-
noids were detected in the L-Sc1 vs. L-Sc2 comparison 
group, including cirsilineol (4’,5-dihydroxy-3’,6,7-trime-
thoxyflavone) and rutin trihydrate. In the L-Sc1 vs. L-Sc3 
comparison group, 26 unique flavonoids were identified, 
with the representatives including phloretin-2’-O-glu-
coside (phlorizin) and epicatechin, among the 13 types. 
Additionally, 15 unique flavonoids, such as acacetin and 
kaempferol (3,5,7,4’-tetrahydroxyflavone), were found 
in the L-Sc3 vs. L-Sc2 group. In this study, the contents 
of most flavonoids tended to increase during the growth 
and development process. Specifically, 6,4’-dimethoxyi-
soflavone-7-O-glucoside (wistin), afrormosin rutinoside, 

and 4’-demethyleucomin glucosyl rhamnoside reached 
their maximum levels in the L-Sc3 stage.

Two hundred twelve differential phenolic acids were 
identified. The expression profiles of 44 phenolic acids, 
such as arbutin, 4-caffeoylshikimic acid, coniferin, dihy-
droferulic acid, and gastrodin, were significantly different 
(Fig.  4B). Nine unique phenolic acids were detected in 
the L-Sc1 vs. L-Sc2 comparison group, including 3-O-fer-
uloylquinic acid-O-glucoside, chlorogenic acid methyl 
ester, and orobanchoside. In the L-Sc1 vs. L-Sc3 group, 
26 unique phenolic acids were identified, including 1-caf-
feoylquinic acid, ferulic acid, and salidroside. Addition-
ally, 12 unique phenolic acids, such as 3-O-caffeoylquinic 
acid, coniferyl alcohol, and cynarin, were found in the 
L-Sc3 vs. L-Sc2 group. In this study, it was observed that 
most phenolic acids tended to increase during the growth 
and development process. Specifically, 3’-methoxycrenat-
oside and 2-(3-β-D-glucopyranosyloxy-4-hydroxyphenyl) 
ethanol-1-O-β-D-glucopyranoside reached their maxi-
mum levels in the L-Sc3 stage.

One hundred forty-three differential alkaloids were 
identified, among which 32 alkaloids were identified as 
differentially abundant metabolites, including 11 alka-
loids, 9 phenols, 4 polypeptides, 4 pyridine alkaloids, 1 
benzylphenylethylamine alkaloid, 1 piperidine alkaloid, 
1 piperidine alkaloid, and one quinorisidine alkaloid 
(Fig.  4C). Four unique alkaloids, namely, 4-hydroxy-3-
methoxy-β-phenethylamine, diethanolamine, indole-
5-carboxylic acid, and cis-Moschamine, were detected in 
the L-Sc1 vs. L-Sc2 comparison group. In the L-Sc1 vs. 
L-Sc3 group, 13 unique alkaloids, including gramine, iso-
quinoline, trigonelline, vasicine, and Α-hydroxyquinoline, 
were identified. Additionally, 2 unique alkaloids, hydro-
cotarnine and sinapine, were found in the L-Sc3 vs. 
L-Sc2 group. In this study, the contents of most alkaloids 
tended to increase during the growth and development 
process. Specifically, salsoline A and salsolidine reached 
their maximum levels in the L-Sc2 stage.

Differentially abundant metabolite enrichment analysis at 
different stages
The enriched metabolites at different stages were deter-
mined through KEGG analysis, and the results are sum-
marized and illustrated in Fig.  5. The greatest number 
of metabolites were included in the metabolic pathways 
(ko01100) and biosynthesis of secondary metabolites 
pathways (ko01110) categories. As shown in Fig.  5A, 
these DAMs were enriched mainly in metabolic path-
ways, biosynthesis of secondary metabolites, ABC trans-
porters (ko02010), biosynthesis of cofactors (ko01240), 
biosynthesis of flavones aglycones I (MetMap110), and 
isorhamnetin O-glycosides biosynthesis (MetMap109) 
in L-Sc1 vs. L-Sc2. As shown in Fig.  5B, most DAMs 
involved in metabolic pathways, the biosynthesis of 
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secondary metabolites, ABC transporters, the biosyn-
thesis of amino acids (ko01230), the biosynthesis of 
cofactors, and the biosynthesis of flavone aglycones I 
accumulated continuously with L-Sc1 vs. L-Sc3. Further-
more, the DAMs were enriched in metabolic pathways, 
biosynthesis of secondary metabolites, biosynthesis of 
amino acids, ABC transporters, flavonoid biosynthe-
sis (ko00941), and biosynthesis of cofactors in L-Sc3 vs. 
L-Sc2 (Fig. 5C).

Transcript assembly of S. collina leaves at different stages
In order to investigate the gene expression profiles of 
the Salsola leaves at different stages, nine samples were 

subjected to RNA-seq (Table S8). A total of 404,443,482 
high-quality reads with Q30 values higher than 92.9% 
were obtained after quality control, and 67,587 unige-
nes were subjected to de novo assembly using the Trinity 
software. The length was over 1000 bp for 38,658 unige-
nes (57.2%) and over 1500  bp for 28,669 (42.4%) unige-
nes. The average gene length and N50 length were 1648 
and 2,413  bp, respectively. Functional unigene annota-
tion was performed next, followed by mapping to the 
NCBI non-redundant (Nr) (49,309, 72.96%), Clusters of 
Orthologous Groups of proteins (KOG) (30,176, 44.65%), 
TrEMBL (48,376, 71.58%), A manually annotated and 
reviewed protein sequence database (Swiss-Prot) (36,458, 

Fig. 4  (A) Heatmap of the flavonoid metabolites. B Heatmap of phenolic acid metabolism. C Heatmap of the differential alkaloids
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53.94%), Kyoto Encyclopedia of Genes and Genomes 
(KEGG) (37,197, 55.04%), Protein family (Pfam) (38,594, 
57.1%), and GO (42,628, 63.07%) databases.

Differential expression and functions of the genes involved 
in the leaves of S. collina at different stages
In order to analyze the gene expression patterns, the 
transcriptome data were centralized and standardized, 
and then analyzed using K-means clustering (Table 
S9). As shown in Fig. 6A, the genes were clustered into 
three subclasses. The number of 4,639 genes in subclass 
1 exhibited the highest expression levels at the juvenile 
stage (L-Sc1). The 8,124 genes in subclass 2 presented the 
highest gene expression levels at the fruiting stage(L-Sc3). 
Furthermore, 3,437 genes in subclass 3 displayed maxi-
mal expression at the fruiting stage (L-Sc2). As shown 
in Fig.  6B, different numbers of DEGs among different 
stages were identified: L-Sc1 vs. L-Sc2 (4,688 DEGs: 1,656 
up, 3,032 down), L-Sc1 vs. L-Sc3 (12,685 DEGs: 5,074 up, 
7,611 down), L-Sc3 vs. L-Sc2 (10,338 DEGs: 5,533 up, 
4,805 down). Analysis of the data from the three compar-
isons revealed 979 common DEGs, which are shown in 
the Venn diagram depicted in Fig. 6C.

In the GO analysis, 4,688 DEGs were revealed to be 
enriched in the comparison of L-Sc1 vs. L-Sc2 into 3 
classes and 43 subclasses, 12,685 DEGs from the com-
parison of L-Sc1 vs. L-Sc3 were enriched into 3 classes 
and 45 subclasses, and 10,338 DEGs from the compari-
son of L-Sc3 vs. L-Sc2 were enriched into 3 classes and 44 
subclasses. Among these DEGs, 2,149 (857 upregulated 
and 1,292 downregulated), 5,572 (2,366 upregulated and 
3,206 downregulated), and 4,509 (2,425 upregulated and 
2,084 downregulated) DEGs in the adjacent groups were 
annotated with GO terms related to “metabolic process”. 
The analysis of the secondary metabolite biosynthesis, 
terpenoid metabolism, phenylpropanoid metabolism, 
alkaloid metabolic processes, and flavonoid metabolism 

at different stages revealed significant differences in the 
genes (Fig. 7A). Moreover, in the KEGG pathway enrich-
ment analysis, the most enriched DEGs were associated 
with metabolic pathways, biosynthesis of secondary 
metabolites, plant hormone signal transduction, phen-
ylpropanoid biosynthesis, and flavonoid biosynthesis 
(Fig. 7B).

Integrated analysis of transcriptomics and metabolomics
Integrated transcriptomics and metabolomics analy-
ses enable a more comprehensive understanding of the 
gene regulatory mechanisms governing metabolic pro-
cesses. Therefore, to determine the intricate relation-
ships between genes and metabolites in the present 
study, the differentially expressed genes and differen-
tially accumulated metabolites from each comparison 
group were mapped to the Kyoto Encyclopedia of Genes 
and Genomes pathways. As shown in Fig. 8A and Table 
S10, 1,805 DEGs and 172 DAMs could be mapped to 68 
KEGG pathways, among which 16 pathways were signifi-
cantly enriched in L-Sc1 vs. L-Sc2, including phenylpro-
panoid biosynthesis (ko00940), biosynthesis of secondary 
metabolites (ko01110), flavonoid biosynthesis (ko00941), 
metabolic pathways (ko01100), and isoquinoline alkaloid 
biosynthesis (ko00950). In L-Sc1 vs. L-Sc3, 4,845 DEGs 
and 236 DAMs were mapped to 87 KEGG pathways, with 
32 pathways significantly enriched (Fig.  8B and Table 
S11), such as the biosynthesis of secondary metabolites, 
phenylpropanoid biosynthesis, flavonoid biosynthesis, 
metabolic pathways, and plant hormone signal transduc-
tion (ko04075). Figure 8C and Table S12 shows the 3,878 
DEGs and 158 DAMs mapped to 74 KEGG pathways in 
L-Sc3 vs. L-Sc2, among which the biosynthesis of second-
ary metabolites, metabolic pathways, phenylpropanoid 
biosynthesis, biosynthesis of various plant secondary 
metabolites (ko00999), pentose and glucuronate inter-
conversions (ko00040), and flavonoid biosynthesis were 

Fig. 5  KEGG pathway enrichment of the differentially expressed metabolites at different stages in Salsola leaves. A L-Sc1 vs. L-Sc2. B L-Sc1 vs. L-Sc3. C 
L-Sc3 vs. L-Sc2

 



Page 10 of 15Chen et al. BMC Plant Biology         (2026) 26:1037 

Fig. 6  Analysis of the differentially expressed genes (DEGs) in the leaves of Salsola across different developmental stages. A K-means clustering analysis of 
the gene expression patterns in Salsola leaves. B Cluster heatmap of the DEGs between Salsola leaves. C Venn diagram of the DEGs in the L-Sc1 vs. L-Sc2, 
L-Sc1 vs. L-Sc3, and L-Sc3 vs. L-Sc2 comparisons
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enriched. Overall, among these three comparison groups, 
“phenylpropanoid biosynthesis” and “flavonoid biosyn-
thesis” presented high enrichment levels, indicating that 
flavonoid biosynthesis is crucial for its development of S. 
collina.

Dynamic regulation of the key gene families involved in 
flavonoid biosynthesis during different stages in S. collina 
leaves
The results of the KEGG enrichment analysis of the 
DEGs and DAMs revealed that phenylpropanoid bio-
synthesis and flavonoid biosynthesis were significantly 
enriched in S. collina. Therefore, changes in the flavonoid 
biosynthesis-related genes and metabolites were studied 
further (Fig.  9). In this study, a total of 258 DEGs were 
detected, including 69 differentially expressed flavonoid 
structural genes (1 PAL, 4 C4H, 12 4CL, 14 CHS, 4 CHI, 
6 F3H, 1 F3’5’H, 6 FM3MO, 8 DFR, 6 FLS, and one ANS 
gene, among others). As shown in Fig. 9A, the relatively 
high expression of C4H and 4CL was detected in L-Sc2, 
whereas PAL, CHS, CHI, F3H, FLS, and ANS gradually 

increased. As S. collina leaves developed, the down-
stream regulatory genes FM3MO, F3H, ANS, and FLS 
were highly expressed in L-Sc3, which promoted the 
maximum accumulation of downstream flavonoids, such 
as those in this stage.

As shown in Figs. 9B and C and 26 DAMs involved in 
phenylpropanoid biosynthesis and flavonoid biosynthe-
sis were detected. Fifteen DAMs were identified in the 
flavonoid biosynthetic pathway, including 5 flavanones, 
2 chalcones, 2 flavanonols, 2 flavones, 2 phenolic acids, 
1 flavonol, and one flavonol. Naringenin chalcone and 
naringenin are pivotal metabolites in flavonoid synthe-
sis and are accumulated at relatively high levels in L-Sc2. 
Kaempferol, myricetin, and lutein gradually increased in 
levels, with the greatest increase noted in L-Sc3. Overall, 
the expression trends of most of the DEGs and DAMs 
were essentially consistent, with upregulation during leaf 
development.

In order to verify the accuracy of the transcriptome 
analysis results, 6 flavonoid structural genes were ran-
domly selected and subjected to qRT-PCR validation. 

Fig. 8  KEGG pathway enrichment of the DEGs and DAMs in the different stages of Salsola leaf development. A L-Sc1 vs. L-Sc2. B L-Sc1 vs. L-Sc3. C L-Sc3 
vs. L-Sc2

 

Fig. 7  (A) Enriched GO analysis of the DEGs between different stages. B Enriched KEGG pathways of the DEGs between different stages
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The qRT-PCR analysis of all 6 genes revealed the same 
expression trends as those noted for the RNA-Seq data. 
Pearson’s correlation coefficients further indicated that 
the digital transcript abundance measurements of most 
genes were highly correlated with the qRT-PCR data. 
These results confirmed the reliability of the RNA-Seq 
data (Fig. 10).

Discussion
S. collina is a widely recognized medicinal and edible 
plant. Numerous studies have identified the chemi-
cal constituents of this species, and most of these stud-
ies have focused on its pharmacological activities [1, 4, 
7–10]. Only a few systematic investigations have been 
conducted to determine the dynamic evolution patterns 
of metabolites and their regulatory mechanisms through-
out the growth cycle. An integrated analytical framework 
combining untargeted metabolomics and RNA sequenc-
ing was employed in this study to elucidate the metabolic 
landscape and transcriptome alterations in developing S. 
collina foliage. A total of 1,820 metabolites were success-
fully identified, covering multiple major categories, such 
as flavonoids, phenolic acids, alkaloids, lipids, amino 
acids, and their derivatives. The results of this study have 

greatly improved the understanding of the chemical com-
position of S. collina.

In a previous study, 131 DAMs of flavonoids were 
detected from the shoots and roots of S. collina, and most 
of these flavonoids had relatively high concentrations in 
the shoots [13]. The present study revealed substantial 
alterations in both flavonoid biosynthesis-related gene 
expression and metabolite accumulation throughout leaf 
development in S. collina. In S. collina foliage, 252 differ-
ential flavonoid metabolites were identified in this study, 
constituting 23.85% of all the identified metabolites. A 
total of 258 DEGs and 26 DAMs were identified in the 
three growth stages using metabolomics and transcrip-
tomics data. In the metabolomics analysis, phenylalanine 
was revealed to be more highly expressed in the juveniles 
than in the flowers and fruits, naringenin chalcone and 
naringenin accumulated at relatively high levels during 
flowering, and kaempferol, myricetin, luteolin, and lutein 
were expressed at their respective maximum levels dur-
ing fruiting. The C4H and 4CL genes were expressed at 
relatively high levels during flowering, and the expres-
sion levels of most CHS, F3H, FLS, and ANR genes were 
relatively high during fruiting. The co-expression of these 
genes likely contributes to flavonoid biosynthesis, which 

Fig. 9  A Flavonoid biosynthesis pathway in Salsola leaves. B Heatmap of the flavonoid metabolites involved in phenylpropanoid biosynthesis and flavo-
noid biosynthesis. The heatmaps are drawn based on the FPKM values from the transcriptome datasets. The columns and rows in the heatmap represent 
the samples and genes, respectively, and the color scale indicates fold changes (log10) in gene expression
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explains the increased accumulation of these genes in S. 
collina leaves.

Flavonoids, as key plant secondary metabolites, play 
indispensable roles in regulating plant growth and devel-
opment, as well as in mediating plant responses to biotic 
and abiotic stresses [30, 31]. Flavonoid biosynthesis is ini-
tiated at the convergence of the shikimate pathway and 
the acetate-derived polyketide pathway [32]. Phenylala-
nine is a key precursor for flavonoid biosynthesis, which 
is converted to p-coumaroyl-CoA under the catalysis of 
PAL, C4H, and 4CL [33]. Further, p-Coumaroyl CoA and 
malonyl CoA condense and isomerize through CHS to 
form naringenin chalcone, which is rapidly cyclized to 
naringenin by the chalcone isomerase CHI [34]. Narin-
genin is the key metabolite in flavonoid synthesis, which 
drives the structural similarity among flavonoids [35]. 
In this study, the genes encoding CHS and CHI were 
revealed to be significantly associated with downstream 
flavonoid compounds. During leaf maturation, the tran-
scriptional activity of CHS and CHI increased progres-
sively, concomitant with the increased accumulation of 
naringenin chalcone and naringenin.

In addition, naringenin can be converted into dihy-
drokaempferol by F3H and subsequently transformed 
into dihydroquercetin and dihydromyricetin by F3′H 
and F3′5′H, respectively. FLS subsequently catalyzes 
the conversion of these dihydroflavonol intermediates 
into their corresponding flavonol end products, includ-
ing kaempferol, quercetin, and myricetin [36]. In this 
study, the analysis of transcriptomics and metabolomics 
data revealed that three genes, F3’H, F3’5’H, and FLS, 
presented significantly upregulated expression across 

growth. Specifically, these three genes presented mark-
edly increased expression levels at the fruiting stage, 
while their catalytic products, namely, kaempferol, 
myricetin, and lutein, also presented increased expres-
sion during this stage. A previous study reported that 
F3’H and F3’5’H are the key enzymes involved in flavo-
noid synthesis, affecting the formation of dihydroxylated 
and trihydroxylated catechins in Camellia sinensis [37].

Integrated transcriptomics and metabolomics analy-
ses have been widely employed to reveal the variation 
patterns of flavonoids during the growth and develop-
ment of different plant species. Compared with leaf buds, 
mature jujube leaves contain abundant flavonoids and 
phenolic acids, conferring high antioxidant potential to 
the leaves [38]. Most flavonoids accumulate in the early 
fruiting stage, and their levels decrease at the following 
developmental stages in Citrus sinensis [39]. Driven by 
the high expression of the CHS and CHI genes, Dendro-
bium huoshanense stems presented a significant increase 
in the total flavonoids in the 3rd year. This process gen-
erates key precursors, such as naringin, which in turn 
activate the downstream FLS gene, resulting in the explo-
sive accumulation of the final products, such as querce-
tin [40]. In this study, the total flavonoid content at the 
flowering stage was 8.944 mg/g, which was significantly 
greater than that at the juvenile and fruiting stages. These 
results indicate a correlation between flavonoid accumu-
lation and the expression of related key genes during the 
growth of S. collina leaves. Notably, genes are inextricably 
linked to metabolites, and their expression typically cor-
relates consistently with the downstream metabolite lev-
els, while the differential expression of key genes directly 

Fig. 10  Expression analysis of the flavonoid structural genes in the leaves of Salsola at different stages. APAL, (B) 4CL, (C) CHI, (D) F3H, (E) DFR, (F) CCR

 



Page 14 of 15Chen et al. BMC Plant Biology         (2026) 26:1037 

drives the accumulation or reduction of the metabolites 
during plant growth. Thus, integrated metabolomics and 
transcriptomics analyses serve as a powerful approach to 
identify the core genes and metabolites involved in bio-
synthetic pathways.

Conclusion
In this study, 1,820 metabolites were identified from S. 
collina leaves, and 1,125 metabolites that differed sig-
nificantly during the development stages were identified. 
Flavonoids, phenolic acids, and alkaloids were the major 
DAMs. Moreover, the DEGs and MAMs involved in fla-
vonoid biosynthesis in S. collina foliage were analyzed, 
and it was determined that the increased expression of 
several key genes promoted the accumulation of down-
stream flavonoid substances. Key chemical components, 
including total flavonoids, polyphenols, and alkaloids, 
were quantitatively analyzed. The maximum values of 
the key chemical components occurred in the flowering 
stage. These results improve the understanding of the 
chemical components and medicinal value of S. collina 
leaves and provide theoretical support for the develop-
ment of S. collina foliage as a functional food.
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