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Metabolic profiling and gene
expression analyses shed light on
the cold adaptation mechanisms of

Saposhnikovia divaricata (Turcz.)
Schischk
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The northeastern region of China experiences a distinctly cold climate influenced by the Siberian High
during the winter months, thus resulting in severe cold weather conditions. Snow cover is prevalent
and can persist for several months. This prolonged exposure to low temperatures necessitates specific
adaptations in terms of agriculture and plant life, particularly for perennial herbs. Saposhnikovia
divaricate (Turcz.) Schischk (SD) is a widely distributed perennial herb in the northeastern and northern
provinces of China. However, there is limited documentation on the molecular mechanism through
which this plant adapts to cold stress. Therefore, we elucidated the SD response to cold stress by
transcriptome and metabolome analysis. Cold stress induced chlorosis and wilting in plants, thus
leading to added function of antioxidant enzymes and higher levels of malondialdehyde, proline,
soluble sugars. Notably, the differentially expressed genes (DEGs) were primarily related with sugar
metabolism, ROS sweep, flavonoid and terpenoid biosynthesis, plant hormone signalling pathways,
lipid metabolism, and transcription factors. Additionally, the differentially expressed metabolites
(DEMSs) mainly included lipids, flavonoids, terpenoid compounds, sugar-related metabolites, alkaloids
and other metabolites. Furthermore, integrated analysis revealed coexpression patterns between
carbohydrate metabolism-related genes and genes reference flavonoid and terpenoid biosynthesis,
along with their corresponding metabolites. Finally, the qPCR results revealed notable over-expression
levels of stress-related genes, including those participated in plant hormone signalling pathways
(PP2C and AUX), flavonoid biosynthesis (CH3), antioxidant enzymes (AOX and CAT), and sugar-related
metabolite metabolism (TPS, SPS, and SS). In conclusion, our findings suggest that cold stress strongly
affects plant hormone signalling pathways, ROS scavenging mechanisms, unsaturated fatty acid
synthesis and flavonoid and terpenoid biosynthesis in SD. These discoveries provide valuable insights
into the impact of cold climates on herbaceous plants.
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Northeast China encompasses a land area of 1.45 million square kilometres and is characterized by long winters,
thus making it the coldest environment in China!. The markedly low temperatures, coupled with substantial
snowfall and ice formation, present significant constraints on agricultural growing seasons. The average annual
air temperatures in the three observed provinces range from — 2 to+3 °C, during winter daytime hours they
can plummet as far as — 34 to — 30 °C. In most parts of Northeast China, the frost-free season does not exceed
160 days®. Multiple studies have demonstrated that cold stress poses diverse challenges to plants such as ion
imbalances, osmotic stress, oxidative damage, compromised photosynthetic efficiency and cellular membrane
rigidity along with disruptions in metabolic processes *°. Therefore, developing resistance to low temperatures is
a crucial mechanism for plants’ ability to withstand cold conditions especially among perennial herbs 7.

Plants are particularly susceptible to significant temperature fluctuations due to large-scale atmospheric
variations and the occurrence of extreme weather events®. For responding to negative abiotic-stress, sessile
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plants need to perceive stress signals and respond to the generation of harmful reactive oxygen species (ROS).
For counteracting detrimental results caused by excessive ROS, such as membrane rigidity damage, protein
inactivation, and DNA breakage, plants have evolved various adaptive strategies that involve enzymatic scavengers
(such as ascorbate peroxidase [APX], peroxidase [POD], superoxide dismutase [SOD], and catalase [CAT]), as
same as nonenzymatic components, including proline, sugars, amino acids, and secondary metabolites’. The
transcription factor PtrbHLH has been demonstrated to combine with the E-box motif belonging to the promoter
region of POD gene sequence and activate POD activity for H,0, scavenging. This activation enhances cold
tolerance under freezing or chilling temperatures in tobacco and lemon plants'®. The heterologous expression
research of StCBFI and StCBF4 enhanced cold tolerance in Arabidopsis to varying degrees. Furthermore,
increased function of antioxidant enzymes was observed along with reduced ROS accumulation!!. Soluble
sugars (SSs) play dual roles as signalling molecules regulating various stress-related genes took part in sucrose
metabolism, photosynthesis pathway and osmolyte biosynthesis under abiotic stress conditions'?. Flavonoids
and terpenoids are vital secondary metabolites that are known for their significant ROS scavenging activities.
They have been directly associated with coping mechanisms against adverse climatic stresses'>!%. Additionally,
the abscisic acid (ABA)-dependent pathway has been shown to participate in plant regulation during plant
responses. The transcript level analysis of the NAC transcription factor (OsNAP) showed that it was significantly
reduced by ABA and abiotic stresses, and the enhanced expression resulted in notably increment resistance to
drought, low temperature and high salinity based on an ABA-mediated network!®.

Saposhnikovia divaricate (Turcz.) Schischk (SD) is a perennial medicinal plant attached to the Apiaceae family
that is extensively found in the northeastern and northern provinces of China due to its significant medicinal,
nutritional, and economic value. It has a substantial domestic and international market and has served as a
traditional Chinese medicine for several years'®. SD is recognized as a top-grade medicinal plant by the Chinese
Pharmacopoeia Commission and is commonly employed for treating rheumatism, stroke, fever, cold and
arthralgia”. Extensive research on the roots and leaves of SD has identified numerous bioactive components,
including polysaccharides, flavonoids, coumarins, volatile oils, lignins, and organic acids. These compounds
have demonstrated antipyretic properties along with anti-inflammatory effects against hepatitis detoxification
processes. These compounds also exhibit antiallergic activity while being effective against influenza-induced
inflammation according to recent pharmacological investigations'®-2%. The literature suggests that genetic
background and environmental factors significantly influence the presence of bioactive compounds. Therefore,
it has become crucial (yet difficult) to elucidate the response mechanisms of key metabolites under different
climatic conditions.

Currently, high-throughput omics application, for example genomics, metabolomics, transcriptomics, and
proteomics, are effectively utilized to investigate the response mechanisms of plants under various abiotic stresses
and elucidate crucial patterns of gene expression and metabolite accumulation?>%. Recently, RNA-seq has been
utilized to dissect the mechanisms underlying low-temperature tolerance by examining gene expression and the
regulation of target metabolites. Dynamic profiling of the transcriptome has identified hub-genes and pathways
involved in low temperature stress in castor?, faba bean?, and Fragaria nilgerrensis?®. Furthermore, studies
have investigated complex mechanisms involving gene coexpression network analysis and the detection of stress
tolerance genes linked to candidate metabolites involved in salt, water/drought, and heat responses30‘33 . Overall,
integrated research combining transcriptomic and metabolomic approaches has made substantial progress in
enhancing our understanding of intricate regulatory networks operating under stressful conditions. However,
there is a need of comprehensive comparative studies on the molecular mechanisms involved in SD during
cold stress. Therefore, an integrated assay encompassing transcriptome and metabolome analyses should be
considered a highly effective approach for elucidating pivotal genes and metabolites involved in responsive
molecular mechanisms under cold stress.

In this research, transcriptomic and metabolomic analyses of SD have been performed to determine the
response mechanisms of gene expression and biosynthesis of key bioactive metabolites under different cold stress
treatments. Integrated data analysis of the transcriptome and metabolome revealed significant upregulation or
downregulation of numerous genes and metabolites. Notably, SS has emerged as one of the most significantly
altered bioactive compounds. Intriguingly, compared with short-term stress, long-term cold stress treatment
resulted in greater increases in the SS content. Furthermore, certain transcription factors, such as MYB, may play
an important role in providing cold tolerance. These findings provide a comprehensive understanding of how
genes and substances respond to cold stress in SD, thereby contributing valuable insights for plantation practices
and breeding programs targeting highly commercial metabolite accessions.

Materials and methods

Plant sample gathering and cold stress treatment

Saposhnikovia divaricata (Turcz.) Schischk. seeds were collected from Tahe County, which is located in the
Greater Khingan Mountains region of China, and were identified by Ma Dezhi, deputy director of Qiqgihar
Medical University. The plant collection and use was in accordance with all the relevant guidelines, the plant
samples were deposited in Qigihar Medical University Chinese medicinal herbarium (No. QMU172024935). This
region employ a cold mild continental monsoon climate characterized by a typical yearly temperature of 0 °C,
a mean rainfall of 460 mm, and approximately 2600 h of annual sunshine. Professor Ma Wei from Heilongjiang
University of Chinese Medicine verified the authenticity of the plant material. The seeds were cultivated in a
controlled environment in a controlled setting at Qiqihar Medical University. Following germination, seeds
were planted for 48 days under light-dark alternating cycles of 14 h at 24 °C and 10 h at 20 °C while maintaining
55% humidity and a light intensity of 12,000 Ix. To induce cold stress, 48 d-old seedlings were subjected to 4 °C
for different durations: 6 h, 12 h, 24 h, 48 h, and a final temperature of up to 72 h. Afterwards, the leaf samples
were promptly excised, frozen in liquid nitrogen, then stored at -80 °C for later analyses. These samples served
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as both transcriptome sequencing and LC-MS/MS analysis materials. Additionally, a control group consisting
of seedlings that did not undergo any cold stress treatment was established. For each treatment condition, the
biological replicates comprised three uniformly growing plant groups.

Physiological and biochemical features of SD under cold stress

The relative conductivity of the SD seedlings during cold stress was assessed following methods described in the
previous literature®*. The biochemical characteristics of the seedlings were checked by reagent kits from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). The malondialdehyde (MDA) content was analyzed
through a thiobarbituric acid assay (product no. A003-3-1). Phenylalanine ammonia lyase (PAL), which is a key
enzyme in phenylpropanoid metabolism, was quantified by using spectrophotometry (product no. A137-1-1).
The soluble sugar content was measured through anthrone colorimetry (product no. A145-1-1). Peroxidase
(POD) activity was assessed by monitoring absorbance changes at 420 nm (product no. A084-3-1). Catalase
(CAT) function was measured by utilizing the colorimetric method with ammonium molybdate (product no.
A007-1-1). Proline (PRO) levels were assessed through a response contacted with ninhydrin (product no. A107-
1-1). Total antioxidant capacity (T-AOC) was gauged by through a colorimetric method (Product No. A105-1).
Superoxide dismutase (SOD) activity was analyzed by using a xanthine-xanthine oxidase-nitro blue tetrazolium
assay (product no. A001-1-2). All of the experiments were conducted in triplicate to ensure reliability.

Untargeted metabolic profiling

For metabolite analysis, samples from the cold stress groups (Cold6éh and Cold48h) and the control group
(CK) were prepared. Metabolite extraction, as well as qualitative and quantitative analyses, were conducted
following previously established methods?. The plant samples were freeze-dried, pulverized into a fine powder,
and then dissolved in aqueous methanol (70%) at a low temperature (4 °C) overnight. The resulting solutions
were analysed by using ultrahigh-performance LC-MS/MS method with a Vanquish UHPLC system coupled to
an Orbitrap Q Exactive™ HF mass spectrometer. The metabolites were subjected to orthographic projection of
primary component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) for
potential structure identification. Metabolites exhibiting a |log,fold change (FC)|> 1 and a variable importance
in projection (VIP) > 1 were identified as being differentially expressed metabolites (DEMs) between the groups
(Cold6h vs. CK, Cold48h vs. CK). An enrichment analysis of these DEMs was subsequently performed by based
on the KEGG database.

RNA extraction and lllumina sequencing

Transcriptome sequencing of SD seedling leaves was performed by Novogene Corporation, Inc. Total RNA
was obtained based on the TRIzol procedure from samples collected at three time points, including 0 h (CK),
6 h (Cold6h), and 48 h (Cold48h), each under cold stress and with three biological replicates. The integrity,
concentration, and purity of these RNA samples were rigorously verified to guarantee high quality. After data
filtration, high-quality clean reads were obtained. Transcript assembly was conducted by using Trinity version
2.11.0. For differential expression analysis, DESeq2 software was used, and the screening criteria for DEGs were
an absolute |log,fold change (FC)|>1 and a false discovery rate (FDR) <0.05.

WGCNA and gene network visualization

The weighted gene coexpression network analysis (WGCNA) method was utilized for constructing a coexpression
network of the selected DEGs. The weighting coefficient B was determined based on the scale-free topology
standard to maximize the correlation coefficient, which was then changed into a topological overlap matrix
(TOM) according to B value. Subsequently, gene correlations were analysed, eigenvector genes for each module
were calculated, and both total connectivity and intramodule connectivity were determined by using weighted
correlation coeflicients. Based on the clustering relationships among the different genes, DEGs were grouped
into distinct modules, thus enabling investigation of the correlations between module eigengenes (MEs) and
the physiological and biochemical features of SD at various time points under cold stress. The networks were
visualized by using CYTOSCAPE software (v3.10.1, USA).

Quantitative real-time RT-PCR analysis

Quantitative real-time RT-PCR analysis (QRT-PCR) was utilized to verify the accuracy of the gene expression
analysis results derived from the transcriptomic data. Total RNA was first isolated, followed by the preparation
of cDNA. The qRT-PCR experiments were conducted through the BlazeTaq™ SYBR® Green qPCR Mix 2.0 Kit,
utilizing GAPDH as the endogenous control gene. Relative expression degrees were estimated by using the
2724C method, and every experiment included three technical replicates to ensure reliability.

Statistical analysis

The calculated informations are presented as the mean + standard error of the mean (SEM). Statistical significance
between different groups were assessed using Student’s t test, with *P<0.05 and **P<0.01 demonstrating
statistical significance. Correlation analyses were utilized by using the Pearson correlation coefficient, with
screening criteria set at a correlation coefficient>0.80 and a P<0.05 for significance. DEGs and DEMs were
annotated by using the KEGG database (www.kegg.jp/kegg/keggl.html)*®. Enrichment analysis was conducted
with stringent filtering criteria, requiring a gene pathway P<0.01 and a metabolic pathway P<0.05 to decide
significance.
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Results

Morphological and physiological changes and enzyme activity of SD under cold stress

During cold stress, the leaves from the SD seedlings gradually wilt, and significant lodging of the plants is
observed, as illustrated in Fig. 1A,B. To discover the physiological reactions of SD to cold stress, the biochemical
experiments on samples subjected to both control and cold treatments at different time groups were conducted.
Specifically, under stress, the MDA content increased significantly, showing a twofold increase at 12 h, a 2.33-fold
increase at 48 h, and a 2.8-fold increase at 72 h, as indicated in Fig. 1C. Additionally, osmoregulatory substances
such as proline, soluble sugar, and soluble protein also exhibited substantial increases. The proline levels rose
markedly by 5.32-fold at 6 h and 3.66-fold at 48 h. The soluble sugar content reached its highest elevation at 72 h,
with a 3.25-fold increase, as shown in Fig. 1D,E. Conversely, the soluble protein content initially dropped by
0.97-fold at 6 h but then rose significantly at 72 h, with a 1.8-fold increase (Fig. 1F).

Among the antioxidants, CAT, SOD, and APX all exhibited significant increases in activity during cold stress.
Notably, CAT displayed the greatest increase, with a 1.59-fold change at 72 h (Fig. 1G). SOD showed the greatest
increase at 6 and 48 h, thus demonstrating fold changes of 2.05 and 2.83, respectively (Fig. 1H). APX exhibited
the most pronounced increase at 24 h, with a fold change of 2.67 (Fig. 1]). Conversely, PAL activity initially
increased by a factor of 1.44 at six hours but subsequently decreased significantly to its maximum decrease of
-0.53-fold at 72 h (Fig. 1I).

These findings collectively indicate a substantial accumulation in MDA content during cold environment,
thus suggesting damage to the SD cell membrane structure along with severe lipid peroxidation within the
membrane. Furthermore, there was a notable increase in the content of osmotic regulatory substances, as well
as in the activity of antioxidant substances, which likely participated in the ability of SD to withstand cold stress.

Metabolomic response of SD under cold stress

To explore metabolic altering as a result of cold stress, we performed untargeted metabolomic profiling and
compared differentially expressed metabolites (DEMs) between the Cold6h vs. CK, Cold48h vs. CK, and
Cold48h vs. Cold6h groups. In total, 1396 metabolites were detected, containing fatty acids, amino acids and
derivatives; lysolecithin (LPE, LPC, and LPI); alkaloids; organic acids; flavonoids; lignins and coumarins;
terpenoids; phenolic acids; and several other compounds (Supplementary Table 1). PCA revealed significant
changes among the different stress groups, with scores of 28.96% and 16.04%, respectively. Three distinct clusters
were formed by three biological replicates within each group: CK, Cold6h, Cold48h, and QC (Fig. 2A). Venn
diagrams illustrated the differences in DEMs among these groups. Esculetin and pimpinellin were shared among
all three groups (Fig. 2B). By applying thresholds of [log, Fold Change|>1, VIP>1 and (-log , P value)>1, a
total of 138 DEMs were identified in the comparison between Cold6h and CK, whereas 85 DEMs were identified
in the comparison between Cold48h and CK (Fig. 2C,D). These metabolites were mainly classified into 10
categories: lipids, organic acids, amino acids and derivatives, lignin and coumarins, phenolic acids, alkaloids,
nucleotides and derivatives, flavonoids, terpenoids and others. There were 86 DEMs upregulated and 52 DEMs
downregulated in the Cold6h vs. CK group (Fig. 2C and Supplementary Table 2), whereas there were 59 DEMs
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Fig. 1. Saposhnikovia divaricata (Turcz.) exhibits the potential for cold stress tolerance. (A) Phenotypes of
SD cultured under normal conditions (control). (B) Phenotypes of SD cultured at 4 °C for 48 h to induce cold
stress. (C-J) The physiological characteristics of SD under 4 °C treatment. The experiments were replicated
thrice (*P<0.05; **P<0.01).
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Fig. 2. Widely targeted metabolome result of SD exposed to cold stress. (A) Principal component analysis
(PCA). CK is the control without cold treatment. QC indicates mixed samples. Cold6h and Cold48h are
abbreviations for cold stress for 6 h and 48 h, respectively. (B) Venn diagram demonstrating crucial DEMs
among various cohorts. (C) Volcano plot demonstrating the DEMs in the Cold6h vs. CK groups. (D) Volcano
plot demonstrating the DEMs in the Cold48h vs. CK groups. (E) Hierarchical clustering analysis.

upregulated and 26 downregulated in the Cold48h vs. CK group (Fig. 2D and Supplementary Table 3). Notably,
the upregulated metabolites were mainly saccharides, flavonoids and coumarins, thus implying that these
compounds may facilitate the ability of SD to adapt to cold. Heatmap analysis revealed clear separation of these
DEMs into three distinct groups, thus underscoring how cold stress significantly altered the metabolite profiles
of SD (Fig. 2E).

To elucidate the functions of the differentially expressed metabolites, we enriched the KEGG pathways based
on the enrichment factor, P value, and number of enriched genes. The results revealed that in the comparison
between Cold6h and CK, DEMs were predominantly enriched in five pathways: starch and sucrose metabolism,
galactose metabolism, phenylalanine metabolism, pyruvate metabolism, valine, leucine, and isoleucine
biosynthesis (Fig. 3A). In the comparison between Cold48h and CK, DEMs were mainly accumulated in five
pathways: galactose metabolism, glycolysis/gluconeogenesis, starch and sucrose metabolism, ABC transporters,
and nicotinate and nicotinamide metabolism (Fig. 3B). In plants, the transcriptional coactivator MBFlc
is closely related to heat-induced protein and trehalose biosynthesis (trehalose phosphate synthase 5) under
heat stress®”. Galactose metabolism is crucial for plant development, as are galactose biosynthesis, raffinose
biosynthesis and lipid metabolism; moreover, it participates in salt, drought, osmotic, ABA and cold stress3839,
There is a significant correlation between amino acid metabolism and physiological reactions to abiotic stresses.
Moreover, proline, glycine, leucine, and valine have been investigated in plants in reaction to abiotic stresses™’.
The top 20 DEMs, ordered by [log,(fold change)| in Cold6h vs. CK, revealed that 6-formyl-isoophiopogonanone
A was the most markedly altered metabolite, with a log,(fold change) of 4.88 (Fig. 3C). In the Cold48h vs. CK
comparison, ethyl-B-D-glucuronide was the most markedly altered metabolite, displaying a log,(fold change) of
3.95 (Fig. 3D). The results indicated that there was sufficient upregulation of saccharides, alkaloids, flavonoids
and coumarins in SD under cold stress.

Transcriptomic response of SD under cold stress

The transcriptional pattern of SD plants exposed to low temperature was assessed by using a quantitative
transcriptome sequencing strategy on the Illumina NovaSeq 6000 Platform, contained three independent
replicates per group (CK, Cold6h, and Cold48h). After removing the raw data reads containing adapters, N
bases, and low-quality sequences, we secured 20.37-24.72 million clean reads. Subsequent to quality assembly,
we generated 6.1 GB of clean reads with an impressive Q30 percentage >91.58%. Gene expression levels were
normalized by using TMM technology, and differentially expressed genes were determined based on following
testing parameters: |log2-fold change|>1 and P<0.05. A total of 6024 DEGs (4100 upregulated and 2104
downregulated) in Cold6h vs. CK and 13,155 DEGs (6932 upregulated and 6223 downregulated) in Cold48h
vs. CK were identified (Fig. 4A,B). Notably, a Venn diagram depicted the presence of 1415 shared DEGs across
the Coldé6h vs. CK, Cold48h vs. CK, and Cold48h vs. Cold6h comparisons (Fig. 4C and Supplementary Table
4). These DEGs were verified to be correlated with sugar-related metabolite metabolism, ROS-scavenging and
detoxification pathways, terpenoid biosynthesis and flavonoid biosynthesis pathways, plant hormone signal
transduction, lipid metabolism, phenylpropanoid metabolism pathways (Supplementary Table 5).
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Fig. 3. Statistical examination of metabolites with differential changes. (A) KEGG enrichment analysis of the
DEMs between Cold6h and CK. The enrichment factor represents the proportion of DEMs to the overall count
of identified metabolites in the pathway. (B) KEGG enrichment analysis of the DEMs between Cold48h and
CK. (C) The FC value of the top 20 markedly altered metabolites between Cold6h and CK. The numbers in the
bars refer to log,(fold change). (D) The FC value of the top 20 markedly altered metabolites between Cold48h
and CK.
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Fig. 4. Transcriptome sequencing information of SD exposed to cold stress. (A) Volcano plot of DEGs in the
CK and Cold6h groups. In the illustration, every data point corresponds to a gene. The green dots signify genes
that were downregulated, red dots indicate upregulated genes, and grey dots denote genes that were detected
but did not exhibit significant variation. (B) Volcano plot of DEGs in the CK and Cold48h groups. (C) Venn
diagram illustrating the common and distinct differentially expressed genes (DEGs) across various cohorts.

The GO enrichment examination revealed that DEGs were classified into different ontologies: BPs
(biological processes), CCs (cellular components) and MFs (molecular functions). The significant DEGs were
mainly clustered into BPs and MFs. In the Cold6h vs. CK comparison, the DEGs were mainly associated with
oxidoreductase activity (MF) and embryo development (BP) (Fig. 5A). In the Cold48h vs. CK comparison,
the DEGs included cellular protein modification process, transmembrane transport, lipid metabolic process
and carbohydrate process in the BP category. In addition, in the MF category, the DEGs participated in
transferase activity, kinase activity, oxidoreductase activity, transcription factor (TF) activity, ion binding and
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Fig. 5. GO and KEGG pathway enrichment. (A, B) GO pathway enrichment of the DEGs between the Cold6h
vs. CK and the Cold48h vs. CK groups. (C, D) KEGG pathway enrichment of the DEGs between the Coldé6h
vs. CK and the Cold48h vs. CK groups.

transmembrane transporter activity (Fig. 5B). Afterwards, KEGG enrichment investigation was conducted
based on DEGs information to examine influences of cold temperature on the enrichment pathways in SD.
Several pathways, such as phenylpropanoid metabolism, plant hormone signal transduction, were significantly
implicated under cold temperature. In addition, several other pathways were enriched, such as alpha-linolenic
metabolism, flavonoid biosynthesis, the calcium signalling pathway, mineral absorption and alcoholism (Fig.
5C,D).

Transcription factors (TFs) and weighted gene coexpression network analysis (WGCNA)

The diversity in gene expression patterns ultimately impacts the response of SD to cold stress. We identified
2071 putative TFs from 90 distinct families, with the top ten TFs belonging to the AP2/ERF-ERF (122), C2H2
(106), MYB-related (100), NAC (92), others (88), C3H (88), bHLH (85), WRKY (80), bZIP (68), and MYB (59)
families (Fig. 6A).

We employed WGCNA to explore the relationships between physiological indices and important DEGs. In
WGCNA, gene clusters exhibiting high correlation were defined as modules, wherein genes within each module
displayed strong correlations. WGCNA identified eight distinct modules, which were distinguished by different
colours (Fig. 6B). The correlation coefficients between several physiological characteristics and these eight gene
cluster modules were analysed (Fig. 6C). Notably, the MEyellow module exhibited significant correlations with
SOD activity, MDA levels, and soluble sugar content (P<0.05) (Fig. 6D). Based on the PPI analysis results, we
identified twenty hub genes within this intriguing module (Fig. 6E). These hub genes included two PP2Cs, two
GH3s, and two HSPs. Importantly, all twenty hub genes were upregulated in the Cold6h vs. CK and Cold48h
vs. CK comparison groups, thus suggesting their potential association with SD resistance to cold environments.

Cold stress significantly affected the dynamic changes in plant hormones regarding SD. The ‘plant hormone
signal transduction’ pathway was markedly enriched after Cold6h and Cold48h stress, and the DEGs enriched
in this pathway included PP2C-24, PP2C-50, GH3-6, SAUR50, and ETR2, which are critical genes participating
in the ABA, auxin and ET signal transduction pathways. The expression levels of those DEGs were significantly
correlated with group Cold48h, indicating that they are key genes sensitive to cold treatment (Fig. 6F).
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Fig. 6. Transcription factor (TF) and WGCNA results. (A) Analyzing of the top 20 TFs. (B) Hierarchical
clustering diagram displaying coexpression modules identified based on WGCNA. (C) Module sample
association correlations. (D) Correlation networks of the hub genes in the yellow module. (E) Heatmap of the
hub genes in the yellow module. (F) The expression levels of key hub genes involved in ABA, auxin and ET
signalling pathways.
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Integrated metabolic and transcriptional assay exhibits key role of starch and sucrose
metabolism pathways under cold stress

To further explore the correlation between DEGs and DEMs of SD under cold stress, we executed a overall
conetwork evaluation of the transcriptome and metabolome information. A Pearson correlation coefficient
(PCC>0.8) was utilized to construct a histogram based on the information derived from the DEGs and DEMs.
The correlation analysis was visualized by using a nine-quadrant plot, wherein each quadrant represented distinct
correlation scenarios between genes and metabolites. Quadrants 3 and 7 indicated positive correlations between
DEGs and DEMs; moreover, quadrant 5 showed no significant correlation, whereas the remaining quadrants
suggested negative correlations between DEGs and DEMs (Fig. 7A,B). Furthermore, KEGG enrichment analysis
of DEGs and DEMs revealed consistent enrichment of starch and sucrose metabolism, ABC transporter, amino
sugar and nucleotide sugar metabolism in the Cold48h vs. CK group (P<0.05), as well as enrichment of the
phenylpropanoid biosynthesis pathway in Cold6h vs. CK group and enrichment of the plant hormone signal
transduction pathway from Cold48h vs. Cold6h group. These findings highlighted the potential importance of
starch/sucrose metabolism, as well as plant hormone signalling pathways, in conferring cold stress resistance to
SD plants (Fig. 7C,D).

Sugars and starches, as the primary carbohydrates within plants, serve both as sources of energy and as
crucial substances for plant stress resistance. Sugars play multiple roles in cold adaptation, including acting as
osmoprotectants to shield cells from freeze damage, serving as signalling molecules in the signal transduction
pathways of the cold reaction, and modulating the antioxidant enzyme system to mitigate oxidative stress
induced by low temperatures. Metabolomic analysis revealed significant accumulation of raffinose, sucrose,
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Fig. 7. Relationship examination of transcriptomic and metabolomic data from SD under cold stress. (A, B)
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Cold48h vs. CK groups. (C, D) KEGG enrichment examination of DEGs (circle) and DEMs (triangle) enriched

within the same biological pathway.
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D-glucose-6P, B-D-fructose-6P and trehalose under cold stress (Fig. 8A,C). Moreover, gene expression
analysis indicated positive regulation of various DEGs encoding enzymes participating in pathway of sugar
metabolism , such as a-galactosidase (a-Gal), sucrose synthase (SS), sucrose phosphate synthase (SPS),
invertase (INV), sugar cotransporter kinase (ScrK), trehalose-6-phosphate synthase (TPS), trehalase (TREH)
and oligosaccharyltransferase B (otsB). qPCR analysis demonstrated the substantial regulation of several genes
associated with sugar biosynthesis under cold stress, such as SAINV3 in the Cold6h group and SdSPS1/SdSS5 in
the Cold48h group (Fig. 8B). In summary, our transcriptome and metabolome data suggest that sugar-related
metabolic pathways, along with flavonoid/terpenoid biosynthesis and plant hormone signalling pathways, are
primarily responsible for the resistance of SD to cold stress (Fig. 9).
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Fig. 8. Comprehensive study based on transcriptome and metabolome analysis emphasized the critical
involvement of the sugar metabolism pathway in response to cold stress. (A) Integrated examination of KEGG
enrichment pathways. (B) gPCR assay validated that sugar synthase genes showed upregulation under cold
environment. otsB2, trehalose-6-phosphate phosphatase; INV3, glycoside hydrolase; GPI, glucose 6 phosphate
isomerase; TPS1, trehalose-6-phosphate synthase; SPS1, sucrose phosphate synthase. The data were calculated
from three biological replicates. Significant differences (*p <0.05, **p <0.01, ***p <0.001) (C) Contents of key
sugar-related metabolites were overexpressed under cold stress.
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Fig.9. An illustrative chart outlining the primary pathways affected by cold. AUX/IAA, auxin/indoleacetic
acid protein; ARF, auxin response factor; PP2C, type 2C protein phosphatase; SAUR, small auxin-up RNA;
GH3, indole-3-acetic acid-amido synthetase; FAD, fatty acid desaturase; KCS, 3-ketoacyl-CoA synthase;
Tps, terpene synthase; Sps, solanesyl diphosphate synthase; HMGS, hydroxymethylglutaryl-CoA synthase;
HMGCR, 3-hydroxy-3-methylglutaryl coenzyme A reductase; F3H, flavanone 3-dioxygenase; SPS, sucrose-
phosphate synthase; TPS, trehalose-phosphate synthase; GAUT, galacturonosyltransferase.

Discussion

Within the scope of traditional Chinese medicine, SD has been established for millennia, not only for its
therapeutic efficacy but also for the complex interplay between its phytochemical constituents and environmental
conditions. The phytochemical profile of SD is significantly influenced by various environmental factors,
including temperature, light, soil composition, and water availability. These components, which primarily consist
of coumarins, polysaccharides, and volatile oils, are pivotal for its pharmacological properties. Research indicates
that environmental stresses, such as temperature fluctuations, can induce secondary metabolite biosynthesis
in plants. For instance, chromones levels in SD have been observed to increase due to abiotic stress*!. Under
low-temperature stress, SD exhibits a fascinating adaptive mechanism that alters its active component profile.
This physiological response is crucial for survival and the maintenance of medicinal properties under adverse
conditions. A former literature confirmed that low-temperature stress substantially enhances the concentration
of polysaccharides, which are thought to play protective roles against abiotic damage*?. Furthermore, the
literature has explored gene expression changes in SD during drought stress, thus demonstrating the positive
regulated expression of DEGs related to secondary metabolite pathways, including those responsible for
coumarin and flavonoid biosynthesis**. These findingsindicate that low-temperature conditions not only hinder
plant survival but also trigger complex biochemical responses, thus enhancing plant medicinal and nutritional
value. However, limited information is available on the key genes, enzymes and metabolites affiliated with the
regulatory molecular biology mechanisms of low temperature resistance of SD. Herein, to elucidate the cold
tolerance mechanism of SD, we conducted biochemical assays, along with transcriptome and metabolome
analyses, under cold treatment at 4 °C. The results showed that the SD’s responses to cold stress were chiefly
linked to plant hormone signalling pathways, starch and sucrose metabolism, secondary metabolite biosynthesis,
and the activities of ROS-scavenging pathways.

Under Coldéh and Cold48h stress, the downregulation of the chlorophyll-binding protein-encoding gene
CP24 significantly suggested a decrease in the plants’ capacity to capture and utilize light effectively, thus
potentially leading to reduced photosynthetic capabilities and overall energy acquisition in the SD treatment
(Supplementary Table 4). Chlorophyll-binding proteins, including CP24, are integral components of light-
harvesting complex (LHC) related to photosystem II, which is essential for capturing and transferring light
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energy during photosynthesis**. The buildup of MDA during cold stress reflects the extent of oxidative damage
and can trigger a cascade of antioxidative responses (Fig. 1C). It can modify proteins and nucleic acids, thereby
altering their function and potentially activating stress response pathways. An increase in MDA can also act as
signal for the induction of antioxidant enzymes for instance SOD and CAT, which aid in mitigating oxidative
damage®. An elevation in MDA levels can also act as a signal for the induction of antioxidant enzymes such as
SOD and CAT, which play a crucial role in ameliorating oxidative damage.

Upon reviewing the transcriptomic data, we identified P5CS (pyrroline-5-carboxylate synthetase) genes
associated with MDA biosynthesis in both the Cold6h and Cold12h groups in comparison to control. CAT
plays the crucial role within detoxifying hydrogen peroxide (H,O,), and an increase in CAT levels during
cold treatment indicates an enhanced antioxidative defence mechanism. SOD is essential in the conversion
of superoxide radicals into hydrogen peroxide and oxygen, thereby acting as a primary defence mechanism
against ROS*. The enzyme PAL is crucial in the biosynthesis of phenylpropanoids, which are vital for plant
adjustment to environmental stresses. The upregulation of PAL indicates a highly accumulation in the content
of phenolic ingredients, which participate in structural reinforcement, antioxidative responses, and signalling
(Fig. 1I). In reaction to cold stress, the cooperative action of SOD, CAT, and APX enzymes involves their spatial
and functional complementation within cellular compartments. Specifically, SOD promotes the conversion of
superoxide radicals into oxygen and hydrogen peroxide. Afterward, CAT as well as APX detoxify hydrogen
peroxide through distinct mechanisms, whereas CAT decomposes it into water and oxygen (primarily in
peroxisomes); furthermore, APX not only detoxifies hydrogen peroxide but also regenerates ascorbate as part of
the ascorbate—glutathione cycle for further ROS scavenging (Fig. 1J). We hypothesized that SOD and CAT would
exhibit greater sensitivity to cold stress than PAL, whereas APX would play a predominant role in scavenging
ROS in SD.

We employed widely targeted metabolome analysis to investigate alterations in the metabolites of SD under
low-temperature stress. A notable finding from our study is the significant accumulation of sugar-related
metabolites, including sucrose, trehalose, and fructose (Fig. 3). Sugars play pivotal roles ranging from serving
as primary sources of energy to acting as signalling molecules that regulate various physiological processes in
plant development and abiotic-stress tolerance. Sugars are not only metabolic fuels but also crucial regulators
of gene expression, thus influencing plant survival and development?’. Under abiotic stresses, sugars act as
osmoprotectants, thus playing a significant role in osmoregulation. This function is crucial for maintaining
cellular integrity under stress by balancing the osmotic pressure within cells, thereby protecting them from
damage caused by dehydration and ionic toxicity3. For example, trehalose is a nonreducing sugar that is known
for its role in stabilizing proteins and lipid membranes under stress conditions (including low temperatures),
thus enhancing plant stress tolerance®”. Other sugar-related metabolites were also overaccumulated in our
analysis (such as a,a-trehalose, sucrose, B-D-fructose 6-phosphate, stachyose, and a-lactose) (Supplementary
Tables 2, 3). Stachyose, which is a tetrasaccharide contains two a-D-galactose units, one a-D-glucose, and one
B-D-fructose, has been identified as being a determinant component in plant reaction to different stress. It
acts as an osmoprotectant, thus contributing to the maintenance of cell membranes and proteins during stress
conditions. Peters and Keller demonstrated that stachyose levels increase in plants exposed to drought, thus
suggesting its involvement in osmotic adjustment and protection against dehydration®. Additionally, stachyose
has been implicated in alleviating oxidative influence by neutralizing ROS, thus protecting cellular components
from oxidative damage®'. Integrating the metabolome and transcriptome results, we deduced that increased
levels of sucrose-phosphate synthase (SPS) and trehalose-phosphate synthase (TPS) may promote high level
accumulation of sugars (Supplementary Table 5). The SPS and TPS genes are crucial for the synthesis of glucose
and trehalose, respectively, thus impacting the accumulation of sugar metabolites and playing vital roles in plant
metabolism and stress response. The overexpression of SPS can significantly boost resistance to heat stress by
improving various physiological and biochemical parameters (including increasing sucrose and chlorophyll
contents), improving photosynthetic efficiency, and reducing cellular damage®?. At the molecular level, the
induction of TPS and the coordination of downstream gene expression under low temperatures are regulated by
a complex network of CBF/DREBI1 and ICE1°. The results inferred that TPS and SPS may play key roles in the
cold tolerance of SD. Nevertheless, the molecular regulatory mechanism of these two genes remains unclarify.

In general, plant hormones such as auxins (IAA), gibberellins (GAs), ethylene (ETH), abscisic acid (ABA),
salicylic acid (SA), and jasmonic acid (JA) coordinate a wide range of physiological and molecular responses
that enable herbs to endure and adapt to unfavorable stress conditions. These hormones regulate diverse stress-
responsive pathways, thereby contributing to the maintenance of cellular homeostasis, also the reinforcement
of herb defense mechanisms. Under normal growth conditions, SnRK2-PP2C-SnRK1 forms a complex that
contributes to the suppression of SnRK1 function. This facilitates the effective functioning of TOR (a growth-
promoting factor), thereby promoting plant growth. Conversely, under adverse conditions, accumulated ABA
enhances the interaction between PYR/PYL receptors and PP2C, thus resulting in the disassembly of the SnRK2-
PP2C-SnRK1 complex™®. Cold treatment caused SnRK1 and PP2C to be upregulated and inhibited TOR activity,
thereby suppressing plant growth and enhancing cold resistance (Supplementary Table 5). In the auxin signalling
pathway, the increased expression of ARF (auxin response factor) in the Cold6h and Cold48h environments not
only controlled the increased expression of downstream SAUR and GH3 (which are hub genes) to cope with
abiotic stress but also influenced the orientation of plant growth factors by binding to Aux/IAA proteins (Fig.
6). In the JA signal transduction pathway, upregulated MYB TFs can bind to the promoters of genes involved in
proline synthesis, such as P5CS (pyrroline-5-carboxylate synthetase), thereby enhancing their transcription and
consequently promoting proline accumulation to improve resistance to abiotic stress (Fig. 1). The R2ZR3-MYB
type TF MtMYBSI exhibits enhanced salinity resistance when organically expressed in Arabidopsis thaliana®.
We also found that OPR and LOX, illustrated as two crucial enzymes in the biosynthetic pathway of jasmonic
acid, were upregulated. OPR controls the final step of JA synthesis, thus reducing OPDA to the precursor of
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JA, whereas LOX controls the initial step of JA synthesis, which involves the oxidization of unsaturated fatty
acids to hydroperoxide (Supplementary Table 5). In this study, the simultaneous action of ABA, IAA, and JA is
hypothesized to contribute to the maintenance of SD growth under cold exposure.

The metabolome analysis indicated that the metabolites with notable alterations participated in lipid
metabolism and flavonoid and terpenoid biosynthesis (Supplementary Tables 2, 3). It was observed that the
majority of the top 20 DEMs were associated with flavonoids, terpenoids and lipids (Fig. 3). The accumulation
of flavonoids and terpenoids, which are important secondary metabolites found in medicinal herbs, primarily
occurs in resistance to adverse environmental conditions and the mitigation of abiotic stresses. The biosynthetic
pathway and regulatory mechanism of flavonoids and terpenoids in SD have not been extensively characterized,
unlike those in other well-studied model plants. Based on the analysis of the top 20 DEMs, we found that
6-formylisoophiopogonanone A, flavokawain B and irsorhamnetin were the main flavonoids that accumulated.
The compound 6-formyl-isoophiopogonanone A was identified as a homoisoflavonoid, and the majority of
homoisoflavonoids exhibited certain scavenging abilities towards -OH and H,0, in vitro””. Flavokawain B was
demonstrated to induce ER stress in glioma cells, subsequently leading to the activation of autophagy pathways.
Isorhamnetin exhibited significant protective effects on heart muscle cells against oxidative stress-induced
damage through two primary mechanisms: scavenging ROS and inhibiting the extracellular signal-regulated
kinase (ERK) pathway®. These flavonoids may synergistically upregulate key enzymes and detoxification
proteins related to ROS cleaning. Additionally, under cold stress conditions, F3H, which is an essential enzyme
in flavonoid biosynthesis, was observed to be overexpressed. (Supplementary Table 5). The overproduction of the
terpenoids ganoderiol A and forskolin enhanced resistance to environmental stress, as determined via the use of
SIMX1. In this research, several enzymes associated with terpenoid biosynthesis were identified: Tps (terpene
synthase), Sps (solanesyl diphosphate synthase), FPS (farnesene synthase), HMGS (hydroxymethylglutaryl-CoA
synthase), and HMGCR (3-hydroxy-3-methylglutaryl coenzyme A reductase).

Among the identified DEMs, lipids accounted for a significant portion, especially unsaturated fatty acids
(Supplementary Tables 2, 3). Chilling-resistant plants exhibit elevated levels of unsaturated fatty acids in their
membranes as a result of enhanced desaturase enzyme activity during cold acclimation, which enhances
membrane fluidity and provides protection against low temperatures®!. Through transcriptome analysis, we
that upregulated temperature-sensitive sn-2 acyl-lipid omega-3 desaturase (FAD) may promote the synthesis
of unsaturated fatty acids. The FAD-catalysed condensation process is the crucial rate-limiting step in the
biosynthesis of unsaturated fatty acids, thus employing substrate, product and location selectivity®2. Mutant
Arabidopsis thaliana lacking Fad2 grows slowly in low-temperature environments and exhibits significantly lower
cold resistance than wild-type plants®®. Our study indicated that FAD plays an important role in cold resistance
in SD; nevertheless, the mechanism by which FAD regulates cold resistance remains unclear. To summarize, our
findings indicate that sugar-related metabolism, flavonoid and terpenoid biosynthesis, unsaturated fatty acid
biosynthesis, and plant hormone signalling are the main protective mechanisms employed by SD against cold
stress. This information will support us better estimate the significant effects of low-temperature climates on SD.

Conclusion

Our findings clearly illustrate a comprehensive analysis integrating physiological parameters with metabolomic
and transcriptomic data to elucidate crucial metabolites, genes, and pathways associated with cold stress in
SD plants. This approach identified a total of 1396 differentially expressed metabolites (DEMs), including 138
DEMs for the comparison between Cold6h versus CK as well as 85 DEMs for Cold48h versus CK. Integration
of transcriptomic data led to annotation of 1415 common differentially expressed genes (DEGs) across
these comparisons. Furthermore, the combined insights from transcriptomics and metabolomics unveiled
mechanisms governing SD’s response to low temperatures. Exposure to 4 °C was found to modulate sugar-related
metabolic pathways, flavonoid/terpenoid biosynthesis, and plant hormone metabolism through regulation
of gene expression involving PP2C, AUX, CH3, TSP, GPI, INV3, otsB2, SPS and SS while elevating levels of
antioxidant compounds and plant hormones in order to sustain normal growth. In conclusion, our results
suggest that protective responses mounted by SD against cold stress primarily involve sugar-related metabolism,
secondary metabolite synthesis, unsaturated fatty acid production,and plant hormone signaling. These findings
will facilitate further assessment of the profound impacts exerted by low-temperature climates on SD.

Data availability
Sequence data that support the findings of this study have been deposited in NCBI with the primary accession
code GSE276339.
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