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Exogenous glycine betaine
alleviates dynamic physiological
and transcriptomic responses
In Inula salsoloides under
combined salt-cadmium stress

Heyi Wang'", Lei Wang™", Xiaomin Zhang?, Lu Cao",
Guiguan Wang®, Yunpeng Zhang', Quan Hao?, Ze Re?,
Ruhan A?, Zhicheng Zhe? and Xiaoyun Yan™

tForestry College, Inner Mongolia Agricultural University., Hohhot, China, 2Inner Mongolia Expressway
Shanmei Ecological Development Co., Ltd., Hohhot, China

Introduction: Inula salsoloides, a psammophytic and salt-tolerant xerophyte is
ecologically valuable for windbreaks, sand xation, and the restoration of saline-
alkali lands. However, the regulatory mechanisms through which exogenous
glycine betaine (GB) alleviates combined salt-cadmium stress in this species
remain unclear.

Methods: This study investigated the protective effects of foliar-applied
GB on Inula salsoloides seedlings under individual salt, cadmium, and
combined salt-cadmium stress through a systematic analysis of seed
germination, seedling growth, key physiological and biochemical parameters,
and transcriptome sequencing.

Results: The salt, cadmium, and combined salt-cadmium stress signi cantly
suppressed seed germination and seedling growth, impaired photosynthetic
pigment synthesis, and induced oxidative damage, as re ected by reactive
oxygen species accumulation and membrane lipid peroxidation. Exogenous
GB application effectively mitigated these adverse effects, increasing
germination potential, vigor index, and biomass. Physiologically, GB promoted
the accumulation of osmoprotectants and enhanced antioxidant enzyme
activities, thereby restoring cellular osmotic and redox homeostasis.
Transcriptomic analysis revealed that GB reprogrammed the expression of
genes enriched in key metabolic pathways, including carbon xation in
photosynthetic organisms, glyoxylate and dicarboxylate metabolism, and
particularly, arginine and proline metabolism under combined stress. GB also
modulated the expression of numerous stress-related transcription factors.
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Discussion: Our

10.3389/fpls.2026.1760419

ndings demonstrate that exogenous GB enhances the

tolerance of Inula salsoloides to salt and cadmium stress by coordinating
physiological and transcriptional responses. This study provides novel insights
into the mechanisms of GB-mediated stress alleviation and supports its potential
application in enhancing plant ecological resilience in saline and heavy metal-
contaminated environments.

KEYWORDS

combined salt-cadmium stress, glycine betaine, Inula salsoloides, physiological
dynamics, transcriptomics

1 Introduction

Soil salinization is a pervasive global environmental issue that
poses a persistent threat to agricultural and natural ecosystems
(Shabala, 2013). Combined salt-alkali stress generally in icts more
severe damage on plants compared to individual salt stress. The
detrimental effects include exacerbated ion imbalance, speci ¢ ion
toxicity, impaired osmotic adjustment, and suppression of
antioxidant enzyme activities. These factors collectively and
synergistically inhibit plant growth and development (Chen et al.,
2017; Wang Y, et al., 2020; Xu et al.,, 2025). Under high salinity
conditions, elevated soil osmotic potential induces osmotic stress,
resulting in a physiological condition akin to drought stress within
plant cells (Hoque et al., 2022). In response to water de cit, plants
partially close their stomata; however, this consequently restricts
carbon dioxide (CO,) uptake and diffusion, thereby inhibiting
critical photosynthetic processes such as photophosphorylation
and ultimately compromising photosynthetic capacity (Khalid
et al., 2015). This multi-layered stress response mechanism has
been documented across diverse crop species, underscoring a
conserved adaptation pathway to salt stress among plants
(Rahnama et al., 2010).

Saline-alkali stress primarily affects plants through root osmotic
stress, ion toxicity, and nutrient deprivation (Tahjib-Ul-Arif et al.,
2023). These factors contribute to diminished root activity,
impaired translocation of water and nutrients, and reduced
ef ciency in internal assimilate partitioning. Consequently, plants
often exhibit stunted growth or may even succumb to carbon
starvation (Liu et al., 2025; Li X, et al., 2025). Simultaneously,
such stress disrupts intracellular redox homeostasis, resulting in
substantial accumulation of reactive oxygen species (ROS).
Excessive ROS, in turn, inhibits the activities of key enzymes,
diminishes photosynthetic ef ciency, induces organelle damage,
and accelerates plant senescence (Miller et al., 2010; Zahra
et al., 2022).

Furthermore, the long-term accumulation of heavy metals in
soils can profoundly alter their physicochemical properties and
compromise the stability and functioning of soil ecosystems
(Ollivier et al., 2012; Shang et al., 2024). Among these metals,
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cadmium (Cd), a non-essential and highly phytotoxic element,
exhibits signi cant mobility and a strong potential for
bioaccumulation. Once Cd concentration in plant tissues exceeds
a critical threshold, it elicits multifaceted toxicity. This not only
directly impedes normal plant growth and development (Clemens,
2006) but also poses substantial risks to public health through its
transfer along the food chain, ultimately endangering animal and
human health (Satarug et al., 2010). At the physiological level,
elevated Cd exposure systemically disrupts various vital plant
processes. These disruptions include the inhibition of
photosynthetic pigment biosynthesis and photosystem function
(Cao et al., 2017), disruption of antioxidant enzyme systems and
the activities of enzymes involved in nitrogen metabolism (Yang
et al., 2019), impediment of cell division and elongation (Liu et al.,
2015), and compromise of plasma membrane integrity (Yue and
Yang, 2015). Cd stress also adversely affects fundamental metabolic
processes such as respiration and transpiration. Collectively, these
disturbances lead to a severe suppression of overall plant growth
and development.

Inula salsoloides (I. salsoloides) is a perennial herb of the
Asteraceae family, widely distributed across desert, gobi, arid
steppe, and saline-alkaline wasteland habitats in northern and
northwestern China. It is recognized as a typical psammophytic
and salt-tolerant xerophyte. The species is characterized by a low-
growing, multi-branched architecture, with succulent leaves
covered with gray-white pubescence, and a well-developed root
system—Kkey morphological adaptations to arid and highly saline
environments (Wang et al., 2024). 1. salsoloides also possesses a
prolonged owering period, vibrant yellow in orescences, and an
attractive form, endowing it with both ornamental and ecological
value for use in landscape gardening and ecological restoration
(Zhao, 2012). Ecologically, I. salsoloides is considered a pioneer
species and is widely used in windbreaks, sand stabilization, and the
remediation of saline-alkaline soils (Niu et al., 2018).

Its seed germination and seedling growth exhibit considerable
tolerance to uctuations in temperature, water availability, and salt
stress (Li D, et al., 2025). However, in natural habitats, the species
often faces more complex, combined stresses such as simultaneous
salt and Cd stress, which can signi cantly inhibit seed germination
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and seedling establishment (Du, 2010; Spiridonova et al., 2019; Zia-
ur-Rehman et al., 2023). These combined stresses not only impede
root development and induce leaf chlorosis and wilting (Munns and
Tester, 2008; Shi et al., 2021) but also trigger a series of physiological
and biochemical disruptions at the cellular and molecular levels,
adversely affecting normal morphogenesis and metabolic functions
(Liuetal., 2020; Yang, 2020; Zhao et al., 2014). To understand these
detrimental effects, it is useful to consider the primary mechanisms
of each stressor individually. Studies indicate that salt stress
primarily inhibits plant growth through pathways such as osmotic
stress, ion toxicity, and oxidative stress (Yang and Guo, 2018),
whereas Cd stress impacts plant physiology by disrupting
photosynthesis, inhibiting enzymatic activity, and disrupting
cellular structures (An et al., 2019; Clemens, 2006). The negative
impacts of such abiotic stresses can be mitigated through biotic
interactions. Notably, microbial interactions can signi cantly
enhance the stress resistance of |. salsoloides. For instance,
arbuscular mycorrhizal fungi (AMF) have been shown to improve
its growth and physiological adaptation under drought stress by
expanding the root absorption area, enhancing antioxidant
capacity, and regulating osmolyte content (Li et al., 2013). Given
this combination of inherent tolerance, sensitivity to complex
stresses, and modi able resilience, I. salsoloides serves not only as
a key species in deserti cation control and ecological rehabilitation
but also as an ideal model organism for investigating multifaceted
plant stress resistance mechanisms.

In recent years, the application of exogenous plant growth
regulators to enhance stress resistance by modulating internal
physiological and biochemical processes has garnered increasing
interest. Glycine betaine (GB), a quaternary ammonium compound,
is a non-toxic osmolyte widely found in microorganisms, plants,
and animals, and possesses relatively stable physicochemical
properties. Under abiotic stresses such as drought, salinity, and
low temperature, GB functions to regulate cellular osmotic pressure,
stabilize the structure and function of cell membranes and
macromolecules (Chen and Murata, 2011), protect the
photosynthetic system (Ashraf and Foolad, 2005), and scavenge
ROS (Islam et al., 2009; Ma et al., 2016). GB has been shown to
improve seedling tolerance to various stresses, including drought,
salinity, and heavy metals (Huang and Yang, 2017; Hua, 2022; Lu
et al., 2019). Studies indicate that foliar application of GB at the
seedling stage effectively enhances plant stress resistance, mitigating
damage from adverse conditions (Gao et al., 2011), improving
drought resistance (Hou et al., 2013), and alleviating the
detrimental effects of abiotic stress on seedlings (Zhao et al.,
2020). The mechanisms by which GB enhances plant abiotic
stress tolerance are multifaceted, involving the regulation of plant
growth and development, cellular osmotic adjustment, membrane
stability, the antioxidant system, and gene expression (Annunziata
et al., 2019; Rathinasabapathi et al., 2001).

Despite considerable progress in understanding GB-mediated
stress tolerance, its physiological roles and underlying mechanisms
in 1. salsoloides remain poorly understood. Systematic investigations
into the physiological regulation of exogenous GB in I. salsoloides
under individual salt (S), Cd, and combined salt-cadmium (SCd)
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stress are scarce, and the transcriptional responses are particularly
unclear. To address this knowledge gap, we applied exogenous GB
via foliar spraying to systematically assess changes in seed
germination and physiological parameters of I. salsoloides under
S, Cd, and SCd stress. Combined with transcriptome sequencing, we
aimed to identify key differentially expressed genes (DEGs) and
enriched metabolic pathways regulated by GB. This study provides
new insights into the mechanisms of GB-enhanced stress resistance
and establishes a theoretical foundation for using GB to improve
plant resilience and ecological restoration in salinized and heavy
metal-contaminated environments.

2 Materials and methods
2.1 Experimental design and plant materials

This experiment was conducted from May to August 2025 at
the Forestry College, Inner Mongolia Agricultural University (111
41 E-111 37 E, 40 48 N-40 68 N). Seeds of I. salsoloides were
collected from wild populations in Wuhai City, Inner Mongolia
(106 48 E-109 31 E, 38 45 N-40 45 N) in July 2024. After natural
air-drying, seeds were stored at 4 C temperature until use.
Preliminary cultivation experiments were performed in the
intelligent greenhouse and the forest tissue culture room of the
Forestry College. Physiological measurements were conducted in
the Garden Plant Laboratory of the same college.

2.2 Growth conditions and stress
treatments

Plants were grown under controlled environmental conditions:
temperature 25 — 3 C, relative humidity 50%-60%, 12 h light/12 h
dark photoperiod, and light intensity of 6000 Lux. One day before
sowing, seeds were surface-sterilized with 5% sodium hypochlorite
for 5 minutes, followed by three rinses with distilled water.
Sterilized seeds were then soaked in various treatment solutions
for 24h in darkness at room temperature to remove non-viable
seeds. Sunken seeds were selected for germination assays.

The experiment included eight treatment groups: CK (distilled
water control), GB (50 mmol/L GB), S (50 mmol/L Na,COs:
NaHCO; = 1:1), SGB (50 mmol/L GB + 50 mmol/L Na,COsg:
NaHCO; = 1:1), Cd (150 nmol/L CdCl,), CdGB (150 mmol/L CdCl,
+ 50 mmol/L GB), SCd (50 mmol/L Na,CO3:NaHCO3 = 1:1 + 150
mmol/L CdCl,), and SCdGB (50 mmol/L Na,COsj:
NaHCO3; = 1:1 + 150 mmol/L CdCl, + 50 mmol/L GB). The
concentrations for salt (50 mmol/L Na,CO3NaHCO; = 1:1), Cd
(150 mmol/L CdCl,), and GB (50 mmol/L GB) were determined
through preliminary phenotypic screening. Uniform seedlings were
exposed to gradients of each stressor, and concentrations inducing
clear but sub-lethal growth inhibition were selected for the main
experiment. GB concentration was similarly optimized, with 50
mmol/L showing the most consistent mitigation of these prede ned
stress symptoms. Each treatment consisted of 500 seeds with three
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biological replicates. We sowed seeds in round plastic trays (12 cm
length 10 cmwidth 7 cm height) lled with a sterilized substrate
mixture consisting of 30% white peat moss and 70% black peat moss
(both sphagnum-based). Germination was monitored daily for 42
days, with the experiment terminating after seven consecutive days
without new germination. At the seedling stage, plants were foliar-
sprayed with corresponding treatment solutions every three days.
This included spraying the GB group with 50 mmol/L GB, allowing
us to assess its direct growth-promoting effect separately from its
stress-alleviating role. The GB concentration for foliar spray was
consistent with that used for seed soaking (50 mmol/L GB).
Spraying continued until the day before sample harvest.
Uniformly grown plants were harvested 24 hours after the nal
stress treatment application for subsequent physiological and
transcriptomic analyses, corresponding to the peak period of
stress symptom expression.

2.3 Measured parameters and analytical
methods

2.3.1 Seed germination parameters

In the germination assay, seeds were monitored daily starting
24 h after sowing (designated as Day 1). The assay concluded after
seven consecutive days without new germination, which occurred
on Day 14 in this experiment. Germination potential (GP),
germination rate (GR), germination index (Gl), and vigor index
(V1) were then calculated. GP and GR were determined following
International Seed Testing Association (ISTA) standards. Gl and VI
were calculated according to established methods for seed vigor
assessment (Bewley et al., 2013; Coolbear et al., 1984), using the
following formulas (Equations 1-4):

_ Number of seeds germinated by day 6

P 100 % 1
G Total seeds o @
R = Number of seeds germinated by day 14 100% (2)
Total seeds
Gt
Gl=p Dt ®)
Vi= Gl RL *

Gt is the number of seeds germinated on day t, Dt is the number
of germination days, and RL is the radicle length.

2.3.2 Seedling morphological parameters

At the end of the experiment, ten intact seedlings per treatment
were randomly harvested. The roots were gently rinsed to remove
adhering soil and blotted dry with Iter paper. Morphological
parameters, including root length, plant height, leaf length, leaf
width, and leaf thickness, were measured using a vernier caliper. For
leaf dimensions, the rst ten fully expanded leaves from the apex
were measured. All measurements were conducted with three
biological replicates, and the mean values were calculated.
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2.3.3 Physiological and biochemical assays

Following the experimental treatments, fresh leaf samples exhibiting
uniform growth were randomly collected from each group for
physiological analysis. All assays were conducted with three biological
replicates. The activities of key antioxidant enzymes were determined
according to Zou (2000) as follows: superoxide dismutase (SOD) using
the nitroblue tetrazolium (NBT) method, peroxidase (POD) via the
guaiacol method, catalase (CAT) by ultraviolet absorption, and
ascorbate peroxidase (APX) with a spectrophotometric assay. The
concentration of malondialdehyde (MDA), an indicator of lipid
peroxidation, was quanti ed using the thiobarbituric acid method
(Zhang et al., 2009). Levels of ROS, including hydrogen peroxide
(H,0,) and the superoxide anion (O,"), were measured following the
procedure described by Shi (2016).

Furthermore, we assessed various osmoregulatory substances and
metabolic indicators. Soluble sugar (SS) content was analyzed by
anthrone colorimetry, soluble protein (SP) by ultraviolet absorption
and root activity by the triphenyltetrazolium chloride (TTC)
reduction method, as outlined by Li (2000). Additional parameters,
namely ascorbic acid (AsA; spectrophotometrically), total free amino
acids (FAA; ninhydrin colorimetry), nitrate reductase (NR; in vivo
assay), and free proline (PRO; sulfosalicylic acid extraction), were
evaluated based on Shi (2016). Plant tissue water content was
measured by the gravimetric method, as described by Wang and
Huang (2015) with the modi cations outlined in Gao and Cai (2018).
Polyphenol oxidase (PPO) activity, reduced glutathione (GSH)
content, glutathione reductase (GR) activity, and total phenolic
(TP) content were analyzed using commercial assay Kits.

The contents of chlorophyll a (Chl a), chlorophyll b (Chl b),
total chlorophyll (Chl), and carotenoids (Car) were determined
according to Gao and Cai (2018). Absorbance of the extracts was
measured at 470, 665, and 649 nm, corresponding to the absorption
maxima for carotenoids, Chl a, and Chl b in 95% ethanol,
respectively. The pigment concentrations were then calculated
using standard equations (Equations 5-8). All procedures were
conducted under dim light to prevent photodegradation.

Chl a= 13:95A665 6:88A64g (5)
Chl b= 24:96A665 7:32A649 (6)
Chl=Chl a+Chl b= 6:63A665 + 18:08A649 (7)

_ 1000A;;o 2:05Chl a 114:8Chl b

C
ar 245

®)

Chl a represents the concentration of chlorophyll a; Chl b represents
the concentration of chlorophyll b; Chl represents the concentration of
total chlorophyll; Car represents the total concentration of carotenoids;
Ases, Agag, and Ag7o represent the absorbance of the chloroplast pigment
extract at wavelengths of 665nm, 649nm, and 470nm.

2.3.4 RNA extraction and transcriptome
sequencing

To obtain a representative transcriptomic pro le for each
treatment, leaves from 10 uniformly grown seedlings were harvested
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and pooled to form one biological sample. This sampling procedure
was repeated independently three times to generate three biological
replicates per treatment. Total RNA was isolated from 0.2 g of each
pooled leaf samples. This extraction was performed using the R401
(Genepioneer Biotechnologies, Nanjing, China) and TSJ011-100
(Tsingke Biotechnology Co., Ltd., Beijing, China) kits. The
concentration and purity of the extracted RNA were assessed using
a Nanodrop2000 spectrophotometer. The quality control thresholds
for library construction required a total RNA amount 1 ng,
concentration 35 ng/m, OD260/280 1.8, and OD260/230 1.0,
with suf cient total quantity to meet the requirements for triplicate
library preparations. After RNA extraction, puri cation, and library
construction, the libraries were subjected to paired-end (PE150)
sequencing using the Illumina NovaSeq X Plus platform with Next-
Generation Sequencing (NGS) technology. All sequencing procedures
were performed by Genepioneer Biotechnologies (Nanjing, China).

2.3.5 gRT-PCR analysis

To validate the RNA-seq results, the expression levels of four
randomly selected DEGs were quanti ed by gRT-PCR using the b-
actin gene as an internal reference. The qRT-PCR analysis was
performed by Genepioneer Biotechnologies (Nanjing, China). The
primer sequences are listed in Table 1. The PCR protocol consisted
of an initial denaturation at 95 C for 30s, followed by 40 cycles of
denaturation at 95 C for 5s and annealing/extension at 60 C for 20s.
A melting curve analysis was then performed from 60 C to 95 C,
with uorescence data collected at every 1 C increment. Three
biological replicates were included. The relative expression levels of
target genes were calculated using the 2 °™* method.

2.3.6 Data analysis

Raw paired-end sequencing reads were rst subjected to quality
control. Adapter sequences and low-quality bases were trimmed
using fastp with parameters: requiring a minimum read length of
20 bp and a mean quality score (Q20) per read of > 20. Since a
reference genome for I. salsoloides is not available, a de novo
transcriptome was assembled from the pooled high-quality reads of
all samples using Trinity. This assembled transcriptome served as the
reference for subsequent analysis. The clean reads from each sample
were then aligned back to this de novo transcriptome using Bowtie2.
Transcript abundance was estimated, and read counts for each
gene were generated using RSEM integrated within the Trinity
pipeline. Differential expression analysis was performed using the
DESeq2 package in R. Genes with an absolute value of log2 fold
change (Jlog2FC| 1) and a false discovery rate adjusted p-value

TABLE 1 Primers used for the qRT-PCR validation.

10.3389/fpls.2026.1760419

(FDR< 0.05) were considered signi cantly differentially expressed
(DEGs). Functional enrichment analysis of DEGs was conducted
based on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases. GO enrichment was performed
using ClusterPro ler in R, and KEGG pathway enrichment was
analyzed with KOBAS, with a signi cance threshold of FDR< 0.05.
Data were processed using Microsoft Excel 2019 and are
presented as the mean — standard deviation (SD) of three
biological replicates. Statistical analyses were performed using
SPSS 27.0. Differences among the eight treatment groups were
assessed by one-way analysis of variance (ANOVA), followed by
Tukey's HSD post-hoc test for multiple comparisons at a
signi cance level of p<0.05. Pearson’s correlation coef cient was
used for correlation analysis. Data visualization was conducted
using Origin 2022, while omics data analysis and visualization
were carried out using the Genepioneer Cloud Platform (http://
www.jshycloud.com/) and Chiplot (https://www.chiplot.online/).

3 Results

3.1 Effects of exogenous GB on seed
germination and morphological
parameters

Exogenous GB treatment signi cantly affected seed germination
and seedling growth of I. salsoloides (Figure 1, Table 2). GB group
signi cantly enhanced all germination parameters compared to the
control (CK), increasing germination rate, germination potential,
germination index, and vigor index by 9.89%, 52.19%, 53.01%, and
62.09% (Figures 1B-E). In contrast, all stress treatments (S, Cd,
SCd) inhibited seed germination. The SCd group showed the most
severe suppressive effect, reducing these parameters by 47.15%,
61.82%, 52.09%, and 55.60%, relative to CK. Exogenous GB
application alleviated this inhibition. Under combined stress, the
SCdGB treatment increased germination rate, germination
potential, germination index, and vigor index by 66.91%,
148.64%, 80.97%, and 92.24%, respectively, compared to the SCd
group (Figure 1). In the SCAGB group, all germination parameters
showed substantial recovery, alleviating the SCd-induced inhibition
by 75.00% (germination rate), 91.80% (germination potential),
74.48% (germination index), and 73.55% (vigor index), restoring
them to 88.21%, 94.93%, 86.71%, and 85.35% of the CK levels,
respectively. Thus, GB effectively mitigates the inhibitory effects of
combined stress on seed germination.

Forward primer (5' to 3')

Reverse primer (5' to 3')

ALDH18A1 TTCCAGAGACTGTTGGGGGT ACATGACAGATTCCATCTAGCACA
PRODH TAACGCTGATTCGGGGAGAC GGGTCCAAACGGCATGTACT
MPAO CCAGTACCTCAAGACCGACG GATCTCTCGCACCACCTTGT
amiE TTCAGCCTTGATCACGTGGG ACATCGGGCTCAGACTGATTTA
Frontiers in Plant Science 05 frontiersin.org
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FIGURE 1
Effects of different treatments on seed germination of Inula solsoloides (A) Radar plot displays the correlations among germination rate, germination
potential, germination index, and vigor index. Lines of different colors correspond to different treatment groups; the closer the points on the same
axis, the stronger the correlation between the traits. (B—E) show the values of germination rate, germination potential, germination index, and vigor
index under each treatment group, respectively. Uppercase and lowercase letters indicate signi cant differences among treatments (p< 0.05) as
determined by one-way ANOVA followed by Tukey’s HSD test. Statistical signi cance is indicated as follows: ***p < 0.001.

Regarding seedling morphology, GB alone signi cantly
promoted plant growth, increasing taproot length, plant height,
leaf length, leaf width, and leaf thickness by 8.33%, 5.72%, 5.68%,
4.64%, and 6.56%, respectively, compared to CK (Table 2). Stress
treatments inhibited growth through different patterns. Salt stress
primarily suppressed leaf development, reducing leaf length, width,
and thickness by 20.13%, 32.49%, and 29.51%, respectively. Cd
stress mainly inhibited plant height, showing a 17.12% reduction,
while combined SCd stress predominantly restricted root growth,
decreasing taproot length by 16.19%.

Application of GB mitigated these inhibitions. Under salt stress,
GB increased taproot length by 3.24%. The CdGB treatment
signi cantly enhanced plant height by 19.32% compared to the

TABLE 2 Traits of Inula salsoloides seedlings under different treatments.

Cd group. Under combined SCd stress, GB exhibited particularly
prominent effects on taproot length and leaf width, with increases of
10.25% and 19.15%, respectively. Visible stress symptoms such as
leaf yellowing and curling were alleviated by GB application
(Figures 2C, D).

3.2 Effects of exogenous GB on
physiological and biochemical parameters

The physiological and biochemical parameters of 1. salsoloides
were signi cantly altered by stress treatments and modulated by
exogenous GB (Figure 3, Figure 4). Compared to the CK, S, Cd, and

Leaf thickness

Treatment  Taproot length(mm) Plant height(mm) Leaf length(mm) Leaf width(mm) (mm)
CK 155.64 — 2.53A 60.63 — 1.17A 6.16 — 0.14A 237 -0.12A 0.61 — 0.04A
*kk * * ns ns
GB 168.61 — 0.81a 64.10 — 1.50a 6.51 — 0.09% 2.48 — 0.04a 0.65 — 0.01a
S 147.57 — 1.96B 5113 — 2.42B 4,92 -0.27C 1.60 — 0.30C 0.43 — 0.05B
* ns ns ns ns
SGB 152.35 — 1.52b 51.42 — 0.19¢ 521 - 0.19¢c 1.74 — 0.06¢ 0.46 — 0.03¢
cd 141.81 — 1.80C 50.25 — 2.20B 5.64 — 0.11B 1.94 - 0.06B 056 — 0.13AB
ns *x * ns ns
CdGB 142.35 — 1.52¢ 59.96 — 1.38b 6.01 - 0.14b 2.06 — 0.09b 0.60 — 0.02b
scd 130.44 — 231D 55.96 — 3.69A 555 — 0.14B 1.81 — 0.08BC 057 — 0.03AB
*k ns * *% ns
SCdGB 14381 — 4.52¢ 59.63 — 2.23b 5.96 — 0.09b 2.16 — 0.05b 059 — 0.02b

Values are mean — SD (n=3). Different letters within a column indicate signi cant differences among treatments (p< 0.05, one-way ANOVA, Tukey’s HSD test). Statistical signi cance is indicated
as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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Effects of different treatments on the growth of Inula salsoloides seedlings (A) Radar plot shows the correlations among root length, seedling height,
leaf length, leaf width, and leaf thickness. Lines of different colors correspond to different treatment groups; the closer the points on the same axis,
the stronger the correlation between the traits. (B) Line chart displays the variation trends in leaf length, leaf width, and leaf thickness from the 1st to
the 10th leaf top-down under each treatment group, with different colored lines representing different treatments. (C) Phenotypic comparison of the
adaxial and abaxial sides of Inula salsoloides leaves under different treatments. (D) Overall growth morphology of Inula salsoloides seedlings under

different treatment groups.

SCd stress signi cantly reduced plant fresh weight (FW) and dry
weight (DW) (Figures 3D, E). Relative water content (RWC) was
also decreased, particularly under Cd stress (Figure 3F). GB
application improved these parameters under both normal and
stress conditions, leading to higher FW, DW, and RWC in the GB-
treated groups compared to their corresponding non-GB
counterparts (Figures 3D-G).

Stress treatments caused a signi cant decline in the contents of
chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (Chl),
and carotenoids (Car) (Figures 3H-K). GB application alleviated
this reduction, and effectively restored the Car content under
combined stress (Figure 3K). In response to stress, the contents of
osmolytes including soluble sugars (SS), soluble proteins (SP), and
proline (Pro) increased (Figures 3L—N). The free amino acid (FAA)
content showed a marked increase under Cd stress (Figure 30). GB
application further elevated the levels of SS, SP, and Pro under most
conditions. A prominent effect was observed under Cd stress, where
GB (CdGB) reversed the stress-induced accumulation of FAA by
244.69% compared to the Cd-only group (Figure 30).

Regarding the antioxidant system, stress treatments generally
suppressed the activities of key enzymes, including superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), and
ascorbate peroxidase (APX) (Figures 4D, G-I). Concurrently,
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the levels of oxidative stress markers—malondialdehyde
(MDA), superoxide anion (O,"), and hydrogen peroxide (H,0,)
—were signi cantly elevated, and root activity was reduced
(Figures 4M-P). Exogenous GB application counteracted these
changes. GB signi cantly enhanced the activities of antioxidant
enzymes, particularly CAT and APX (Figures 4G, 1), increased
the content of non-enzymatic antioxidants such as reduced
glutathione (GSH) and ascorbic acid (AsA) (Figures 4J, K), and
effectively reduced the accumulation of MDA, O,", and H,0,
(Figures 4M-0). Root activity was also improved by GB under
stress conditions (Figure 4P).

3.3 Dynamic physiological correlation
analysis

As illustrated in Figure 5, signi cant correlation patterns were
observed between the four tested germination parameters
(germination rate, germination potential, germination index, and
vigor index) and a series of physiological, biochemical, and growth
indicators. Antioxidants (GSH, AsA), antioxidant enzymes (GR,
APX, POD, CAT), photosynthetic pigments (Chl a, Chl b, Car),
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FIGURE 3

Effects of different treatments on tissue water content, photosynthetic pigments, osmotic adjustment substances, and nitrogen metabolism
substances in Inula salsoloides seedlings (A) Radar plot based on dry weight (DW), fresh weight (FW), relative water content (RWC), and total water
content (TWC), re ecting correlations among water-related indices. (B) Radar plot based on chlorophyll a (Chl a), chlorophyll b (Chl b), total
chlorophyll (Chl), and carotenoid (Car) content, showing associations among photosynthetic pigments. (C) Radar plot based on soluble sugar (SS),
soluble protein (SP), proline (Pro), free amino acid (AFX), and nitrate reductase (NR), re ecting correlations among osmotic adjustment substances
and nitrogen metabolism substances. In all radar plots, lines of different colors represent different treatment groups; the closer the data points on
the same axis, the stronger the positive correlation between the two indices. (D—G) show the dry weight, fresh weight, relative water content, and
total water content of seedlings under each treatment group, respectively. (H—K) show the contents of chlorophyll a, chlorophyll b, total chlorophyll,
and carotenoids under each treatment group, respectively. (L—P) show the contents of soluble sugar, soluble protein, proline, and nitrate reductase
under each treatment group, respectively. Uppercase and lowercase letters indicate signi cant differences among treatments (p< 0.05) as
determined by one-way ANOVA followed by Tukey’s HSD test. Statistical signi cance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

osmoregulatory substances (Pro, SS, SP), nitrogen metabolism
enzyme (NR), and plant growth parameters (root length, plant
height, leaf length, leaf width, leaf thickness, fresh weight, dry
weight, root activity, and relative water content) exhibited
signi cantly positive correlations. This pattern demonstrates the
synergistic promotion of seed germination by antioxidant capacity,
photosynthetic pigment accumulation, osmotic adjustment, and
overall growth status. Conversely, oxidative damage markers
(MDA, 0,7, H,0;) showed signi cantly negative correlations,
indicating that ROS accumulation and membrane lipid
peroxidation substantially inhibit the seed germination process.
These results conclusively demonstrate that seed germination
capacity is positively correlated with the plant’s antioxidant
defense system and growth vitality, while being negatively
correlated with the degree of oxidative damage.
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3.4 Transcriptome sequencing data
statistics

To elucidate the molecular mechanisms underlying GB-mediated
stress alleviation, we conducted transcriptome analysis on three
independent biological replicates for each of the eight treatment
groups. The sequencing generated 1,517,473,406 raw reads. After
stringent quality control, which included removal of low-quality
sequences, adapter contamination, and ambiguous reads, we
obtained 1,509,382,052 clean reads. Quality assessment
demonstrated that all samples yielded clean data exceeding 8.15 Gb,
with an average GC content of 45.30%. The percentage of Q30 bases
was above 95.99% in all samples, and the average Q20 value reached
99.25%, indicating high sequencing quality. The comparable GC
content across samples supported subsequent bioinformatic analyses.
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