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Abstract

Antimony (Sb) is a toxic metalloid and has become an increasingly prevalent contaminant in
ecosystems. Previous studies have reported that Sb has severe toxic effects on plant growth.
However, the molecular mechanisms of the response to Sb stress in plants still remain un-
clear. In the present study, common bermudagrass (Cynodon dactylon [L.] Pers.), ‘Yangjiang’
cultivar, was treated with 200 mg/mL of antimony potassium tartrate solution. Integrated
metabolomic and transcriptomic analysis was conducted to investigate the mechanisms of
the Sb stress response of bermudagrass. The results showed that, after Sb stress treatment,
soluble protein content, malondialdehyde (MDA) content, and catalase (CAT) activity in-
creased by 180.56%, 280%, and 112.61%, respectively, compared to the control. Meanwhile,
transcriptomic and metabolomic analyses identified numerous differentially expressed
genes (DEGs) and differentially accumulated metabolites (DAMs) that were involved in the
Sb stress response of bermudagrass, and many pathways, such as the carbon metabolism,
photosynthesis and alanine, aspartate, and glutamate metabolism pathways, were also
identified to be related to the Sb stress response of the bermudagrass plant by KEGG and
GO enrichment. Overall, the present study revealed that photosynthesis and amino acid
metabolism pathways play important roles in the Sb stress response of bermudagrass.

Keywords: bermudagrass; heavy metal stress; response mechanisms; photosynthesis;
amino acid metabolism

1. Introduction

Antimony (Sb) is a highly toxic metalloid that has become an increasingly prevalent
contaminant in ecosystems, and it is also classified as a carcinogen [1]. Sb primarily exists
in two oxidation states which are III and V in biological, ecological, and geochemical
systems [2]. Normally, in soil, the concentration of Sb is almost 0.3-8.4 mg/kg; in water,
36 mg/kg; and in plants, it ranges from 3.92 to 143.69 mg/kg. The tolerable daily intake of
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Sb for humans is 0.86 micrograms per kilogram of body weight per day, with concentrations
beyond this threshold inducing significant toxic risks [3-5]. The high Sb concentration
presents substantial health hazards to humans in Sb-contaminated areas. Consumption
of Sb-contaminated crops, for example, rice (Oryza sativa L.), maize (Zea mays L.) and
rapeseed (Brassica napus L.), can induce cardiovascular disorders, pulmonary diseases,
and carcinogenesis [6,7]. Furthermore, Sb causes damage to plants including growth
inhibition, photosynthetic efficiency reduction, nutrient absorption disruption, and organic
metabolite synthesis alteration. Sb can enter into plants through passive uptake and active
absorption [8], but the predominant pathway of Sb absorption has not been fully elucidated
yet. Thus, it is important to understand the mechanism of Sb absorption in plants.

Abiotic stresses negatively affect plant germination, growth, and survival, while con-
currently disrupting molecular regulatory networks, metabolic homeostasis, and proteomic
profiles [9-11]. Nowadays, transcriptome analysis is a comprehensive tool to investigate the
genetic regulatory mechanisms of plant stress responses [12]. For example, this approach
revealed abiotic stress-responsive genes and their associated signaling pathways in rice
(Oryza sativa L.) [13], arabidopsis (Arabidopsis thaliana L.) [14], cardoon (Cynara cardunculus
L.) [15], and soybean (Glycine max [L.] Merr.) [16]. Except for gene expression regulation, all
primary and secondary metabolites, which serve as intermediates of regulation pathways,
play a vital role in plant adaptation to stress conditions. Primary metabolites provide the
fundamental energy and biosynthetic precursors of basal metabolism for plant growth,
while secondary metabolites are specifically synthesized under certain conditions. Under
stress conditions, the synthesis of metabolites increases, which mitigates oxidative damage
in plant cells [17]. Metabolomic analysis is used to study metabolic network regulation and
functional roles at the cellular and tissue levels [18]. Thus, metabolomics has become an
important tool in studies on the abiotic stress response of plants [19]. However, it is hard
to unravel plant regulatory mechanisms deeply with single-omics approaches, whereas
combined metabolomic and transcriptomic analysis is helpful in clarifying the relation-
ship between genes and metabolites [20], and correlation analysis of transcriptomic and
metabolomics can determine specific cell signal transduction pathways and gene expression
changes in plants under stress [21].

Common bermudagrass (Cynodon dactylon [L.] Pers.), a perennial member of the
Poaceae family, is distributed extensively in subtropical and tropical regions. Therefore, it
is also known as warm-season grass [22]. It is also a grass that is tolerant to a variety of
stresses simultaneously or sequentially, such as salt, heat, submergence, water deficits, and
shade [23,24]. For the sake of survival under adverse conditions, grasses adopt structural
modifications and respond through signals at various levels. Previous studies revealed
that bermudagrass growing in Sb-polluted areas was found to have high concentrations of
metals, which indicated that bermudagrass could be used as an effective adsorbent for phy-
toremediation and for reducing Sb pollution [25]. Since bermudagrass is a type of turfgrass,
it is not commonly a part of the food chain. In addition, it has well-developed rhizomes
and forms a dense groundcover which works efficiently in holding soil particles and thus
prevents the dispersion and spread of heavy metals to other areas [26]. Therefore, the main
objective of the current study involves (1) determining how antimony stress might affect
bermudagrass’s physiological characteristics and (2) analyzing the pathways involved in
bermudagrass’s response to Sb stress through transcriptomic and metabolomic approaches.

2. Materials and Methods
2.1. Plant Materials and Experimental Treatments

Common bermudagrass (C. dactylon), ‘Yangjiang’ cultivar, was grown in the green-
house of Yangzhou University, Jiangsu Province, China in the year of 2023. The greenhouse
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was maintained at 25 °C £ 5 °C with a photoperiod of 12/12 h. The relative air humidity
was 50-60%. A total of 30 stolons were planted in plastic pots (10 cm x 10 cm x 10 cm)
which were filled with nutrient soil (600 g per pot) (Shouhe Co., Ltd., Weifang, Shandong,
China). After two weeks of establishment, 10 pots of bermudagrass with uniform growth
were divided into two groups. For the Sb treatment group, 100 mL of 200 mg/mL of anti-
mony potassium tartrate of 1 x Hoagland’s nutrient solution (Coolaber, Beijing, China) was
applied to each pot every day, while for control pots, an equal quantity of 1x Hoagland’s
nutrient solution was applied. Five replicates were set in each group. After 15 days of
treatment, fresh leaves were collected and immediately frozen with liquid nitrogen and
then preserved at an —80 °C temperature for measurement of physiological indicators.
Considering that, compared with transcription, the occurrence of metabolism has a certain
lag, three biological replicates of fresh leaves were collected after 0 h, 12 h, and 24 h Sb
treatment for transcriptome analysis; and six biological replicates of fresh leaves were
collected after 0, 24, and 36 h Sb treatment for metabolome analysis.

2.2. Measurement of Physiological Indexes
2.2.1. Measurement of Chlorophyll Pigments and Fluorescence

Chlorophyll content was measured by following previous study [27]. A total of 0.1 g
of fresh leaves were chopped into around 3 cm pieces and immersed in 10 mL DMSO
(dimethyl sulfoxide) to extract the chlorophyll pigments. After dark treatment for 72 h
and the leaves were completely decolored, the absorbance at 645 nm and 663 nm of the
chlorophyll extract solution was measured, and chlorophyll pigments were calculated
according to the following formula:

Chla =12.72 x A663 —2.59 x A645

Chlb =22.9 x A645 —4.67 x A663
Chlt = 20.31 x A645 + 8.05 x A663

Chlorophyll fluorescence indicators were measured in fresh bermudagrass leaves by
FluorPen FP110 (FluorCam, Brno, Czech) portable chlorophyll fluorescence instrument.
Before the measurement, the leaves were subjected to dark adaptation for 30 min to ensure
that the PSII reaction center was in the closed state.

2.2.2. Determination of Antioxidant Enzyme Activity, Malondialdehyde (MDA), and
Soluble Protein Content

Briefly, 0.1 g of fresh leaves were quickly ground into fine powder with liquid nitro-
gen. Subsequently, the powder was immediately transferred into a centrifuge tube filled
with 2 mL of pre-cooled phosphate buffer (pH 7.8). Then the mixture was centrifuged
at 4 °C at 12,000 rpm for 15 min, and the supernatant was collected for subsequent ex-
periments. The catalase (CAT), superoxide dismutase (SOD), MDA, and soluble protein
activities were determined by enzyme activity kit (Solarbio, Beijing, China) according to
the manufacturer’s instructions.

2.3. Metabolite Extraction and GC-TOF-MS Analysis

A total of 50 mg leaves were added in a 2 mL tube that was filled with 500 uL pre-cold
extraction solution (methanol/dH;0O, 3/1 (v/v) and vortexed for 30 s). In this experiment,
0.5 mg/mL adonitol was used as the internal standard. Then, steel balls were added into
the system and ground at 40 Hz for 4 min, and the sample underwent ultrasonic treatment
with an ice water bath for 5 min (repeat three times). After centrifuging for 15 min at 4 °C
at 12,000 rpm (RCF = 13,800x g, R = 8.6 cm), 100 pL of the supernatant was moved to a
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new centrifuge tube. A 50 uL extract from each sample was collected and mixed for quality
control (QC). After evaporating in a vacuum, 50 uL of methoxyamination hydrochloride
(20 mg/mL in pyridine) was mixed in it. The mixture was then incubated for 30 min at
80 °C, followed by derivatization using 60 pnL of BSTFA (N,O-bis(trimethylsilyl)acetamide)
reagent (1% TMCS, v/v) for 1.5 h at 70 °C. After gradual cooling to 25 °C, 5 uL. of FAMEs
(fatty acid methyl esters) (in chloroform) was then added to the QC samples. All of
the samples were detected by an Agilent 7890 gas chromatograph (San Clara, CA, USA)
coupled with a time-of-flight mass spectrometer. The system used a DB-5MS capillary
column (San Clara, CA, USA).

Briefly, a 1 uL sample was inserted in split less mode. Helium was the carrier gas, with
a front inlet rid flow of 3 mL/min and a gas flow rate of 1 mL/min through the column.
Initially the temperature was precisely set at 50 °C for 1 min, then raised to 310 °C at a
constant rate of 10 °C per minute, and maintained at 310 °C for a rigorous 8 min. The
insertion, transport line, and ion source temperatures were maintained at 280 °C, 280 °C,
and 250 °C, respectively. In the electron impact mode, the precise energy level was set
to —70 eV. The mass spectrometry data was meticulously obtained in full-scan mode,
capturing a wide m/ z range of 50-500 at a consistent rate of 12.5 spectra sec!, promptly
commencing after a 6.4 min solvent delay.

The raw data was analyzed using the Chroma TOF (V 4.3x, LECO, St. Joseph, MI,
USA) software, which encompassed peak extraction, baseline adjustment, deconvolution,
alignment, and integration. Metabolite identification was precisely carried out using the
LECO-Fiehn Rtx5 database by strictly matching the mass spectrum and retention index. Sub-
sequently, any peaks detected in less than half of the quality control (QC) samples or with a
relative standard deviation (RSD) exceeding 30% in QC samples were decisively eliminated.
A Student’s t-test p-value of 0.05 and VIP (Variable Importance in the Projection) > 1 were
set as the threshold for significantly differential accumulated metabolites (DAMs).

2.4. RNA Extraction, cDONA Library Construction, and Transcriptome Analysis

RNA integrity was evaluated using the RNA Nano 6000 Assay Kit on the Bioanalyzer
2100 system from Agilent Technologies (San Clara, CA, USA). The total RNA was extracted
from bermudagrass samples. In short, mRNA was isolated using poly-T oligo-attached
magnetic beads. Fragmentation was performed with bivalent cations at higher temperatures
in a 5X First Strand Synthesis Reaction Buffer. The first strand cDNA is produced with
M-MuLV Reverse Transcriptase (RNase H-) and a random hexamer primer. Following that,
the second stranded cDNA was then made using DNA Polymerase I and RNase H. The
remaining DNA overhangs were carefully transformed into blunt ends with the assistance
of exonuclease and polymerase activities. Following this, the 3’ ends of the DNA fragments
were adenylated, and an adaptor with a distinctive hairpin loop structure was connected in
preparation of hybridization. To ensure the selection of cDNA fragments within the specific
range of 370 to 420 base pairs, the library fragments underwent meticulous purification
using the AMPure XP system from Beckman Coulter in Beverly, MA, USA. We conducted
PCR using Phusion High-Fidelity DNA polymerase, Universal PCR primers, and Index
(X) Primer. Subsequently, we purified the PCR products using the AMPure XP system and
evaluated the library quality on the Agilent Bioanalyzer 2100. The index-coded samples
were clustered using a cBot Cluster Generation System with the Tru Seq PE Cluster Kit
v3-cBot-HS (Illumina) following the manufacturer’s instructions. Subsequently, the library
preparations underwent sequencing on an Illumina Novaseq 6000 platform (illumine, San
Diego, CA, USA), resulting in the generation of 150 bp paired end reads.

The analysis of differential expressions between two conditions or groups, each with
three biological replicates, was confidently conducted using the DESeq2 R package (version
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1.20.0). DESeq2 effectively applies statistical routines based on the negative binomial
distribution to determine differential expression in digital gene expression data. The
p-values were adjusted with the Benjamini and Hochberg approaches to control the false
discovery rate. Genes with an adjusted p-value of 0.05 or less were confidently assigned
as differentially expressed. Before analysis, the read counts for each library were robustly
adjusted using the edge R program package with a scaling normalized factor. Differential
expression analysis of two conditions was rigorously conducted using the edge R package
(version 3.22.5). A corrected p-value of 0.05 and |logy (Fold Change)| > 1 have been set as
the threshold for significant differential expression genes (DEGs).

The analysis of differentially expressed genes for Gene Ontology (GO) enrichment was
conducted using the clusterProfiler R package (version 3.8.1), which effectively corrected
for gene length bias. Any GO terms with a corrected p-value below 0.05 were confidently
deemed significantly enriched by the differentially expressed genes. KEGG is an essential
database resource for gaining a deep understanding of the high-level functions and utilities
of biological systems. It specifically targets cells, organisms, and ecosystems, relying
on molecular-level data. This encompasses large-scale molecular datasets generated by
genome sequencing and other high-throughput experimental technologies (http://www.
genome.jp/kegg/ (accessed on 2 September 2024)). We employed the Cluster Profiler R
package to confidently evaluate the statistical enrichment of differentially expressed genes
in KEGG pathways.

2.5. Statistical Analysis

Experimental data collection and analysis were performed using Microsoft Excel 2010.
The data was analyzed by one-way ANOVA using SPSS 19.0 (p < 0.05 was significant).
Tukey’s test was used to find the significant difference level to compare the differences
among treatments and the control. Graphs of physiological indicators were prepared with
GraphPad Prism 9.5.0 and Adobe Illustrator 2019. The NovaCloud Platform NovoMagic
(https:/ /magic.novogene.com) was used for transcriptomic analysis.

3. Results
3.1. Physiological Indicators of Bermudagrass Under Sb Stress

To explore the tolerance of bermudagrass against Sb stress, physiological indexes
including antioxidants, photosynthesis, and cell membrane stability were measured in this
study. The results showed that the leaves of bermudagrass turned yellowish and wilted
after Sb stress treatment (Figure S1). In addition, compared to controls, the growth rate
decreased significantly (Figure S2a) and the contents of soluble protein and MDA were
2.82 times and 3.78 times higher than those of the control group, respectively (Figure 1a,b).
For changes in oxidant activities, the activities of CAT increased by 52.91%, but the activity
of SOD decreased (Figure 1c,d). This shows that the cell membranes of leaf cells were
damaged under Sb stress, which caused an increased concentration of active oxygen in cells;
this is also consistent with the changing trend of CAT activities. However, the maximal
quantum efficiency of PSII (Fv/Fm) and performance index for energy conservation (Plabs)
of bermudagrass leaves decreased by 19.78% and 63.96%, respectively (Figure 1e,f). This
suggests that the Fv/Fm value in C. dactylon leaves decreased with an increase in Sb stress
treatment. Moreover, Sb accumulation showed a difference in leaves and roots. The Sb
content in roots was 2-fold that of leaves (Figure S2b).
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Figure 1. Physiological changes in bermudagrass under Sb stress. (a) Soluble protein content.
(b) Malondialdehyde (MDA) content. (c) Catalase (CAT) activity. (d) Superoxide dismutase (SOD)
activity. (e) The maximal quantum efficiency of PSII. (f) Performance index for energy conservation.
CK = control. Sb = treatment with 200 mg/L potassium antimony tartrate for 15 days. * = significance
at p < 0.05; ** = significance at p < 0.01.

3.2. Transcriptomic Analysis
3.2.1. Sequence Assembly, Generation, and Correlation Analysis

To investigate the molecular regulation mechanisms against Sb stress in bermuda-
grass, RNA-seq was conducted in this study. As a result, 62.79 GB of raw data and
418,519,058 raw reads were acquired. After removal of the adapter, 61.05 GB of clean data
and 406,960,342 clean reads were obtained. It is worth noting that the error rate for all
samples was a mere 0.03%. Clean reads of nine samples ranged from 4.1 x 107 to 4.9 x 107.
Moreover, analysis of the clean reads showed that the Q20 value was above 96.75, the Q30
value of all the samples was above 91.69, and the percentage of GC contents was qualified
at around 54% (Table S1). This showed that the sequencing quality of clean reads was good
enough and that the reads could be utilized for further analysis.

The correlation of gene expression levels between samples plays a crucial role in
evaluating the reliability of the experiment and the accuracy of sample selection. By
examining the FPKM (fragments per kilobase of transcript per million mapped reads)
values of all genes in each sample, the correlation coefficients within and between sampling
groups were calculated. The repetitions of each control group and treatment sample were
highly correlated with each other. The correlation values between the repetitions in the CK,
Sb12, and Sb24 groups were above 0.920, 0.917, and 0.906, respectively (Figure 2a). Principal
component analysis (PCA) is often used to assess the variations among groups and the
duplication of samples in the groups. PCA confidently employs linear algebra to reduce
the dimension of genomic variable quantity and extract main components. The samples
of different groups were dispersed but of the same group were combined (Figure 2b). A
clustered heatmap of DEGs was created in which genes with the same expression pattern
were placed together for further functional and regulation pathway analysis (Figure 2c).
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Figure 2. Analysis of bermudagrass transcriptome data under antimony stress. (a) Pearson corre-
lation between samples. (b) Principal component (PCA) analysis. (c) Gene expression heatmap of
three treatment groups (CK, Sb12, Sb24). CK = control. Sb12 = treatment for 12 h. Sb24 = treatment
for 24 h.

3.2.2. Differentially Expressed Gene (DEG) Analysis

To further investigate the Sb-stress-response-related genes, DEGs were identified
and analyzed using DESeq2 (v.1.20.0) with the criteria of |log, (Fold Change)| > 1 and
padj < 0.05. It was observed that Sb stress significantly affected gene expression in bermuda-
grass. In the results, different numbers of DEGs were identified between the comparisons of
Sb12 vs. CK, Sb24 vs. CK, and Sb24 vs. Sb12. Briefly, there are 3637 upregulated genes and
4694 downregulated from a total of 8331 DEGs in Sb12 (Figure 3a) and 7333 showed upregu-
lated expression and 8690 showed downregulated expression from 16,023 total DEGs in the
Sb24 group (Figure 3b). Among these DEGs, the genes RbcX1 (Rubisco related protein RbcX
protein 1), SOT5 (cytosolic sulfotransferase 5), TIP4,2 (Tonoplast intrinsic protein 4;2), COL9
(CONSTANS-like 9), and Hsp40 (heat shock protein 40) were the most significantly upregu-
lated, while CYP92C6, which encoded trimethyltridecatetraene synthase; DTX40, which
encoded the protein DETOXIFICATION 40; and NFP3.1, which encoded the NITRATE
TRANSPORTER 1/PEPTIDE TRANSPORTER family protein were the most significantly
downregulated in bermudagrass after 12 h treatment of Sb stress. However, the genes
CYP94C1 which encoded cytochrome P450 94C1, CYP79A1 which encoded Tyrosine N-
monooxygenase, ERF109 which encoded ethylene-responsive transcription factor, and CP1
which encoded chlorophyll a/b binding protein were the most significantly upregulated,
while the genes SBE3 which encoded 1,4-x-glucan-branching enzyme 3, APUM?24 which
encoded Pumilio homolog 24, FIB1 which encoded rRNA 2'-O-methyltransferase fibrillarin
1, RPP25L which encoded ribonuclease P protein subunit p25-like protein, and NIP7 which
encoded 60S ribosome subunit biogenesis protein were the most significantly downregu-
lated after 24 h treatment of Sb stress. These findings showed that DEGs in the Sb12 and
Sb24 groups were substantially different from the DEGs of CK. Furthermore, the results
showed that the expression of photosystem-related genes, such as the PS-I related proteins
PsaD, PsaE, PsaF, PsaG, PsaH, PsaK, PsaL, PsaN, and PsaO and PS-II related proteins PsbA,
PsbO, PsbR, PsbP, PsbS, and PsbW, were significantly upregulated (Table S2). However,
ribosome biogenesis-related genes, such as NOP1, NOP56, NOP58, SNU13, DCK1, NHP2,
GAR1, Nob1, BmS1, KRE33, Rcl1, and Tif6, were downregulated.
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Figure 3. Enrichment analysis of differentially expressed genes (DEGs). (a—c) Volcanic map of DEGs
in three different treatment groups. (d-f) KEGG enrichment pathway of DEGs in the comparison
groups. (g—i) Pathways significantly enriched in the GO analysis. padj = adjusted p-value. DEGs:
differentially expressed genes.

3.2.3. Gene Ontology (GO) and KEGG Pathway Analysis

GO is an expansive and detailed database that provides comprehensive descriptions
of gene functions. This database classifies gene functions into three main categories:
biological mechanisms, cellular components, and molecular mechanisms. Following the
GO annotation of the differentially expressed genes (DEGs), the 2824 (Sb12 vs. CK), 4861
(Sb24 vs. CK), and 8282 (Sb24 vs. Sb12) DEGs were divided into 112, 90, and 163 GO terms,
respectively. The most enriched 30 terms are shown in Figure 4. Further analysis of the
Sb24 vs. Sb12 comparison showed that, in the biological process (BP) group, the most
abundant processes were the cellular amino acid metabolic process (GO:0006520), ncRNA
metabolic process (GO:0034660), and ribosome biogenesis (GO:0042254), which hit 258,
224, and 104 DEGs, respectively. In the cell component group, thylakoid part (GO:0044436)
and photosynthetic membrane (GO:0034357) were the most abundant terms, which hit
71 and 92 DEGs, respectively. In the molecular processes group, the highly enriched
terms observed were transferase activity, transporting one-carbon groups (GO:0016741),
and methyltransferase activity (GO:0008168), which hit 244 and 220 DEGs, respectively
(Figure 3g—i, Table S3).
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Figure 4. Metabolomic data analysis. (a) Principal component (PCA) analysis. (b) Pie map of super
class of differential metabolites. (c—e) Volcanic maps of differential metabolites in three groups.
(f-h) KEGG classification of differentially accumulated metabolites (DAMs).

Based on comprehensive and ongoing collection of biochemical, genetic, and func-
tional data from biological systems, KEGG can precisely determine the diverse function of
genes and their involvement in specific metabolic pathways. KEGG analysis revealed that
a total of 2674 (Sb12 vs. CK), 4701 (Sb24 vs. CK), and 6371 (Sb24 vs. Sb12) DEGs were allo-
cated to 123, 126, and 127 KEGG pathways, respectively. Further analysis showed that 49,
12, and 13 KEGG pathways were enriched significantly in the Sb12 vs. CK, Sb24 vs. CK, and
Sb24 vs. Sb12 comparisons, respectively. Among them, “Photosynthesis—antenna proteins”
was a highly enriched pathway in the comparison of Sb12 vs. CK, and “ribosome biogenesis
in eukaryotes” was a highly enriched pathway in the comparisons of Sb24 vs. CK and Sb24
vs. Sb12, along with having the smallest p-values in each group (Figure 3d—f, Table S4).
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3.3. Metabolomics Analysis
3.3.1. Metabolite Accumulation

Collectively 155 metabolites were detected and quantified, including 5 benzenoids,
2 homogeneous non-metal compounds, 15 lipids and lipid-like molecules, 2 nucleosides,
nucleotides, and analogs, 47 organic acids and their derivatives, 4 organic nitrogen com-
pounds, 33 organic oxygen compounds, 11 organ heterocyclic compounds, 3 phenyl-
propanoids and polyketides, and 133 others (unknown) (Table S5). The principal com-
ponent analysis revealed that PC1 explained 70.4% and PC2 explained 17.9% of the total
variance (Figure 4a,b).

3.3.2. Differentially Accumulated Metabolite (DAMs) Analysis

A total of 155 differentially accumulated metabolites (DAMs) were identified by set-
ting the threshold at VIP > 1.0 and p-value < 0.05 simultaneously. We generated a volcano
plot to visually represent the distribution of these differential metabolites. In three different
comparison groups (Sb24 vs. CK, Sb36 vs. CK, and Sb36 vs. Sb24), 61, 53, and 19 DAMs
were upregulated, and 38, 57, and 62 DAMs were downregulated (Figure 4c—e; Table S6).
The upregulated DAMs primarily comprised organic acids and derivatives, amino acids
and derivatives, nucleotides, and lipids. Conversely, the decreased levels of DAMs pri-
marily contained fatty acids and derivatives, amino acids and derivatives, organic acids,
and carbohydrate compounds. Among the DAMs, accumulations of dehydroascorbic acid,
toluenesulfonic acid, mucic acid, gentiobiose, saccharic acid, and asparagine were upregu-
lated more than 2-fold after 24 h of Sb stress treatment; and accumulations of gentiobiose,
ascorbate, threose were upregulated more than 4-fold after 36 h of Sb stress treatment.
However, accumulations of proline, piceatannol, methionine, erythronolactone, and fluo-
renone were most significantly downregulated by Sb stress in bermudagrass. Decreases of
log, foldchange in methionine, erythronolactone, and fluorenone accumulations were even
more than 6-fold under Sb stress.

3.3.3. KEGG Pathway Analysis

Through KEGG pathway enrichment analysis, it is possible to identify the key bio-
chemical metabolic pathways that are closely related to Sb stress response in bermudagrass.
The results revealed that the DAMs in three different comparison groups (Sb24 vs. CK,
Sb36 vs. CK, and Sb36 vs. Sb24) were enriched in various metabolic pathways, and
several pathways were identified to be enriched significantly at p < 0.05. In detail, the
pathways of alanine, aspartate and glutamate, the citrate cycle (TCA cycle), and beta-
Alanine metabolism were significantly enriched in both the Sb24 vs. CK and Sb36 vs. CK
comparisons. In addition, the pathways of glycerolipid metabolism, valine, leucine and
isoleucine biosynthesis, and aminoacyl-tRNA biosynthesis were significantly enriched in
the Sb36 vs. Sb24 comparison (Figure 4f-h and Table S7). These results suggest that these
pathways might be vitally important in studying the Sb stress response in bermudagrass.

3.4. Integrated Analysis of Transcriptomics and Metabolomics

Integrated analysis was conducted to investigate the association between DEGs and
DAMs in bermudagrass. The results showed that most of the DAMs demonstrated signifi-
cant positive and negative correlations with DEGs in all three comparisons (Figure 5a—c;
Table S8). The levels of the following metabolites were directly correlated with the expres-
sion of genes in carbon metabolism and biosynthesis of secondary metabolites. The DAMs
were found to have either positive or negative correlations with most of the differentially
expressed genes (DEGs). The level of these DAMs was found to be correlated with the ex-
pression level of DEGs involved in aminoacyl-tRNA and amino acids. Additionally, DEGs
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Figure 5. Association analysis of transcriptome and metabolome. (a—c) Nine quadrant maps of DEGs
and DMs; (d—f) the Venn plots of DEGs and SDMs involved in KEGG pathways in the comparisons
of Sb12 vs. CK, Sb24 vs. CK, and Sb24 vs. Sb12, respectively.

4. Discussion
4.1. Sb Stress-Induced Physiological Change in Bermudagrass

Sb accumulation causes severe detrimental effects in plants. It inhibits plant growth,
disrupts electron transfer, and changes photosynthetic product flow direction in the antiox-
idant system and photosystem. Its accumulation interferes with the absorption of essential
minerals including iron, manganese, and magnesium, consequently severely inhibiting
plant growth [28,29]. Under normal conditions, excess ROS production can be scavenged
by antioxidant enzymes in plants [30]. However, under Sb stress, the balance between ROS
generation and elimination is interrupted, as ROS production sharply increases in bermuda-
grass, inducing damage to the cell membrane structure. Previous studies reported that in
wheat (Triticum aestivum L.), Sb stress induces oxidative damage and causes membrane
lipid peroxidation [31]. MDA is a key biomarker for assessing plant membrane lipid peroxi-
dation. This study demonstrated that Sb stress exposure leads to a substantial accumulation
of reactive oxygen species and malondialdehyde. Moreover, plants can effectively eliminate
accumulated ROS via activating their antioxidant defense systems such as SOD, CAT, and
POD. In our study, CAT activity was enhanced in bermudagrass after Sb treatment, while
SOD activity was significantly decreased. Similar results were also observed in maize (Zea
mays L.) under various heavy metal stresses, such as Zn, Ni, Cd, and Cu, where activities of
POD and CAT were increased, but SOD activity was decreased [32]. These findings indicate
that Sb toxicity causes oxidative damage to plant cell membranes, and heavy metals should
play a unique role in SOD activity regulation in plants. Furthermore, photosystem II (PSII)
is crucial in the plant photosynthetic system and represents a primary target for studying
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the impact of heavy metal stress. Studies have demonstrated that heavy metals can reduce
PSII activity significantly [33,34]. In the present study, it was observed that the Fv/Fm
value in C. dactylon leaves decreased with an increase in Sb stress treatment. This suggests
that Sb has a substantial toxic impact on bermudagrass PSII activity. Consequently, the light
energy capture capacity and electrons transferred through PSII are reduced, which induces
a decrease in overall photosynthetic activity and irreversible photoinhibition. Additionally,
the decline in photosynthetic capacity involves not only PSII dysfunction but also severe
damage to light capture of PSI caused by heavy metals [35,36]. Heavy metals induce partial
depolymerization of chlorophyll-protein complexes bound by PSII, thereby impairing
normal photosystem function [35,37,38].

4.2. Photosystem Was Involved in Sb Stress Response of Bermudagrass

In this study, upregulation of numerous photosystem complex-related genes in
bermudagrass under Sb stress condition was observed. In these genes, PsbO and PsbP
encoded oxygen-evolving enhancer (OEE) proteins which were localized in the thylakoid
lumen and stabilized manganese through the oxygen-evolving complex (OEC) [39]. The
OEC is located on the thylakoid of PSII, and the catalytic core of the OEC is an inorganic
manganese cluster, which completes the reaction of grabbing four electrons from water to
form four protons (H*) and release oxygen. Moreover, the other PSII-related proteins in-
cluding PsbR, PsbS, and PsbW were also upregulated after Sb stress treatment. It suggested
that bermudagrass can counteract the damage produced by Sb stress by enhancing the
reaction rate of PSII and the electron transmission speed of oxygen-releasing complexes and
speeding up photosynthesis. The cytochrome b6f complex is made up of eight polypeptides.
Electrons are unambiguously transferred to cytb6f via plastoquinone PQH, and ultimately
to plastocyanin (PC), while protons (H*) are transferred for measurements from the matrix
to internal cavity. The other relevant coding genes, PetA cytochrome F, PetC cytochrome
complex iron—sulfur subunit, and PetE plastocyanin, were significantly upregulated; as
a result, electron speed increased and it accelerated photosynthesis, whereas PSI forms
a complex by combining 178 auxiliary groups and 17 protein subunits. Previous stud-
ies reported that the psaO gene was upregulated in Brassica napus after treatment with
sewage sludge that contained lead (Pb), copper (Cu), nickel (Ni), and zinc (Zn) [40], and
photosystem-related genes such as psbQ, psbO, psaG, psaD, atpG, and PetH were signif-
icantly upregulated after selenium (Se) treatment [41]. Transcription of these genes and
then their translation to functional proteins contribute to stabilizing the photosystem and
increase the tolerance of plants to heavy metal stresses. In this study, nine protein subunits
of PSI-related proteins were also significantly upregulated. Ferrioxidoreductin transfers
electrons through Fd NADP™ reductase and finally connects the subunit at the center of
proton flow rotation of the ATP synthase FO subunit to generate torque to stimulate ATP
synthesis. The related regulatory genes of F-type H* /Na* transporting ATPase subunit o
and F-type H* transporting ATPase subunit B were also significantly upregulated. There-
fore, these results suggested that bermudagrass responds to Sb stress via accelerating its
photosynthesis and ATP production rate.

4.3. Sb Stress Affected the Synthesis of Polypeptides in Bermudagrass

Biogenesis of ribosomes is a fundamental cellular process that closely relates to cell
growth and expansion. Cellular growth depends on the continuous synthesis of new
ribosomes; hence, ribosome biogenesis directly parallels the rate of cell growth. The
transcriptomic results in the present study revealed that ribosome biogenesis of pre-40S- and
pre-60S-related genes was downregulated in bermudagrass under the Sb stress condition.
This downregulation likely impairs the maturation of 60S and 40S. The disruption of these
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processes causes abnormal ribosome biogenesis in bermudagrass under Sb stress, which
leads to cell cycle disturbance, apoptosis, and reductions in cell proliferation. Furthermore,
the production of aminoacyl-tRNA is crucial in protein translation and various cellular
processes, affecting cellular homeostasis and stress responses [42]. Heavy metals can
disturb protein function by complexation with free thiols and other functional groups,
oxidation of amino acid side chains, disruption of protein folding, and displacement of
essential metal cofactors. The current study clearly demonstrates that Sb stress can disrupt
the biosynthetic pathways of aminoacyl-tRNA, consequently inducing the upregulation
of asparagine, valine, isoleucine, and glycine, which negatively affects protein synthesis
efficiency. This study provides important insights into the possible role of the aminoacyl-
tRNA biosynthesis pathway in the Sb stress response, as well as the potential protective
mechanisms of chemoprotective agents. However, further investigations are necessary to
fully understand the relationship between Sb stress, the biosynthesis pathway of aminoacyl-
tRNA, and oxidative stress.

4.4. Bermudagrass Response to Sb Stress Through Transcriptomic and Metabolomic Regulation

Expression of enzyme-related genes is the primary response to abiotic stress in plants.
With the translation of functional proteins, different metabolites are synthesized or trans-
formed. Hence, combined analysis of transcriptomes and metabolomes is usually used to
investigate the mechanisms of environmental stress responses in plants [43]. Several genes
and metabolites were identified to be strongly correlated in low-temperature germination
of rapeseed (B. napus) [44]. In the present study, it was found that expressions of some
genes determined the synthesis of certain compounds in bermudagrass when exposed to Sb
stress. After Sb stress treatment, the accumulation of aspartic acid was upregulated. Simul-
taneously, the expressions of the CAD gene, which encoded aspartate carbamoyltransferase,
and the ADSS gene, which encoded adenylosuccinate synthase, were upregulated. These
two enzymes catalyzed L-aspartate into N-carbamoyl-L-aspartate and adenylo-succinate,
respectively, and the latter compound was further transformed into fumarate. This feed-
back regulation may be the reason that accumulation of fumaric acid was induced in
bermudagrass under the Sb stress condition. In addition, the upregulation of alanine and
glutamic acid accumulation, as well as AGXT2 (encoded alanine-glyoxylate transaminase)
and GLUD1/2 (encoded glutamate dehydrogenase) gene expression, suggested a correlation
between metabolite synthesis and gene expression. Interestingly, genes related to glutamate
metabolism such as GLUL (encoded glutamine synthetase), PPAT (encoded amidophospho-
ribosyltransferase), and GFPT (encoded glutamine/fructose-6-phosphate transaminase)
were downregulated, although the accumulation of glutamic acid was upregulated in
bermudagrass after the Sb stress treatment. The regulation of these genes’ expression
should induce a decline in glucose-1-phosphate accumulation in bermudagrass.

5. Conclusions

This study conclusively reveals the detrimental impact of Sb on bermudagrass growth
and antioxidant response. Under Sb stress conditions, the activity of SOD and CAT and the
MDA content changed significantly. Sb stress inhibits bermudagrass growth by changing
multiple metabolic mechanisms including photosynthesis and the antioxidant system.
Through integrated transcriptomic and metabolomic analysis, many DEGs and DAMs
were identified to be involved in the Sb stress response of bermudagrass via participation
in various metabolic pathways such as biosynthesis of aminoacyl-tRNA and ribosome
biogenesis. Overall, this study explains the mechanisms of bermudagrass’s response to
Sb pollution in the environment and provides a new perspective for the treatment of
Sb-polluted land.
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analysis of the DEGs after Sb treatment; Table S4: KEGG analysis of the DEGs after Sb treatment;
Table S5: Classification of the metabolites that identified in bermudagrass; Table S6: Accumulation of
the DAMs in bermudagrass after Sb treatment; Table S7: Pathways that enriched by metabolomic
analysis after Sb treatment Table S8: Nine quadrant analysis between the DAMs and DEGs;
Table S9: KEGG co-enrichment analysis of DAMs and DEGs in bermudagrass after Sb treatment.
Figure S1: The morphology of bermudagrass after Sb treatment. Figure S2: Change of the growth
rate (a) and Sb content (b) of/in bermudagrass after Sb treatment.
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