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Integration of lipidomics and widely targeted
metabolomics provides a comprehensive
metabolic landscape of Poa pratensis under
cadmium stress

Ting Cui', Yong Wang', Kuiju Niu', Chunxu Zhao' and Huiling Ma""

Abstract

Background Soil cadmium (Cd) contamination poses significant environmental challenges globally. Kentucky
bluegrass is considered a viable plant for remediating Cd-contaminated soils due to its high tolerance to Cd and
accumulation capacity. Yet, the complete metabolic landscape underlying Cd detoxification mechanisms of Kentucky
bluegrass remains incompletely understood.

Results Here, widely targeted metabolomics was used to identify key metabolites of Kentucky bluegrass that were
responsive to Cd stress in comparisons between Cd-resistant (M) and sensitive (R) varieties. Moreover, lipidomics
analyses were used to assess the content, composition, and saturation levels of lipid molecular species. The M
variety exhibited higher levels of free amino acids, saccharides, and flavonoids (flavones, flavonols, isoflavones, and
flavanones) after Cd stress that likely enhance its tolerance to Cd stress. Within the M variety, 183 lipid species (81%)
were less abundant after Cd stress, representing a much larger number than the 81 lipid species (41.54%) similarly
less abundant in the R variety. The lipid species with increased abundances primarily comprised diacylglycerols,
monogalactosyldiacylglycerol, phosphatidylcholine, triacylglycerol, and lysophosphatidylcholine that exhibited
higher saturation levels. Conversely, the lipid species with decreased abundances largely comprised those with
shorter acyl chains including free fatty acids, phosphatidic acid, and lysophosphatidic acid, as well as those with
higher unsaturation levels, including phosphatidylglycerol, diacylglycerol, triacylglycerol, phosphatidylcholine, and
lysophosphatidylcholine. The elongation of these lipid acyl chains under Cd stress contributes to the increased
membrane thickness and rigidity in Kentucky bluegrass, resulting from the dense packing of hydrophobic tails and
enhanced lipid-lipid interactions. The changes in these metabolites and lipids may play a significant role in enhancing
Cd tolerance, distribution, and accumulation in Kentucky bluegrass.

Conclusion The results of this study provide a comprehensive metabolite profile for Kentucky bluegrass in response
to Cd stress, elucidating the key metabolite characteristics essential for Cd detoxification under Cd-induced stress.
Furthermore, the results provide insights into the metabolic regulation of metabolites and lipid homeostasis that
contribute to enhanced Cd tolerance in Kentucky bluegrass.
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Introduction

Cadmium (Cd) is among the most serious heavy metal
soil pollutants in China [1, 2]. By 2019, most soil around
non-ferrous smelteries in China exhibited Cd levels sur-
passing severe pollution thresholds [3]. Mining opera-
tions are noteworthy contributors to Cd emissions into
environments. A marked rise in Cd emissions has been
attributed to Chinese mining activities during the period
from 1990 to 2015 [4]. Cd from mining areas and non-
ferrous metal smelters can enter agricultural ecosystems
through atmospheric deposition and rainwater flows
[2]. Importantly, crops containing enriched levels of Cd,
when ingested by humans and other animals, have the
potential to cause renal and pulmonary ailments [1].
Therefore, remediating Cd-contaminated soils around
mining sites and non-ferrous metal smelters helps pre-
vent further spread of Cd pollution from origin points.

Phytoremediation strategies are environmentally
friendly and plant-based, playing critical roles in miti-
gating Cd toxicity [5-7]. Nevertheless, prolonged Cd
accumulation usually inhibits plant growth [8], triggers
oxidative stress [9], causes leaf chlorosis [7], and can ulti-
mately lead to plant death [10, 11]. Seven Cd hyperac-
cumulator plant species have previously been identified
[12]. However, low tolerance to Cd stress, limited bio-
mass, and the slow growth rates of these plants restrict
their use in remediation of Cd-contaminated soils. Ken-
tucky bluegrass is a cool-season turfgrass widely distrib-
uted globally in temperate regions [13, 14]. Kentucky
bluegrass is considered a promising candidate for reme-
diation of Cd-contaminated soil due to its significant bio-
mass accumulation and high Cd tolerance [6, 15, 16]. A
previous study revealed that Kentucky bluegrass growth
was unaffected by treatment with 40 mg Cd kg™ ! treat-
ment, while growth of the hyperaccumulator plant Sola-
num nigrum was significantly suppressed at the same Cd
concentration [17]. Moreover, the aboveground tissues
of Kentucky bluegrass accumulated 17.1-fold higher Cd
than Solanum nigrum under treatment with 40 mg Cd
kg™ ! after 9 weeks of exposure [17]. Kentucky bluegrass
consequently carries significant potential value for reme-
diating Cd-contaminated soils.

Enhancing plant tolerance to Cd during phytoremedia-
tion of Cd-contaminated soils helps maintain long-term
Cd uptake by plants and improves phytoremediation
efficiency [6]. Previously, various conserved mechanisms
in plants have been identified that enable Cd detoxifica-
tion, including via use of cell wall polysaccharides for Cd
immobilization [18], metal ligands for Cd chelation [19],
cell wall lignification [20], and vacuolar Cd sequestration
[9]. These mechanisms have been applied in the breeding

of Cd-safe crops and the cultivation of plants for reme-
diating Cd-contaminated soils [9, 21-23]. Further, key
metabolites, including organic acids [15], hormones [8],
signaling molecules [24], and sugars [25, 26] have been
used as exogenous substances to enhance plant Cd toler-
ance and regulate Cd uptake and distribution in plants.
However, technological considerations have impeded
a thorough evaluation of important Cd-stress related
metabolites at the molecular level, in addition to detoxi-
fication pathways of plants that respond to Cd stress,
thereby hampering enhanced application of plant reme-
diation technologies when restoring Cd-contaminated
soils.

Numerous studies have demonstrated a significant
role for cell walls in Cd detoxification and immobiliza-
tion [18, 22, 27-29]. Plant plasma membranes are also
important targets of Cd stress [30]. The production
of signaling lipids during stressful conditions plays an
important role in activating subsequent signaling path-
ways that then elicit physiological responses [31]. Metab-
olomics can be used to identify primarily hydrophilic
polar compounds, while lipidomics can primarily be
used to identify hydrophobic nonpolar compounds [32].
Unlike conventional untargeted metabolomics studies,
widely-targeted metabolomics achieve the broad scope of
untargeted metabolomics, with the accuracy of targeted
metabolomics, thereby providing a powerful method to
identify specific metabolites in plants [33]. Further, the
integration of widely-targeted metabolomics and lipi-
domics provides information about detailed metabolic
landscapes and facilitates thorough network analysis that
can identify critical metabolic factors in plants under
Cd stress. Consequently, these integrated methods can
enhance our understanding of the interconnectedness
between lipids and other metabolites in response to Cd
stress [32, 34, 35]. Therefore, integrating widely-targeted
metabolomics and lipidomics enables comprehensive
detection of polar and nonpolar compounds responding
to Cd stress in Kentucky bluegrass, and provides novel
candidate metabolites with key metabolic pathways to
enhance Cd tolerance and accumulation in this grass
species. Here, a comprehensive metabolomic landscape
of Kentucky bluegrass during Cd stress was evaluated
by integrating lipidomic and widely targeted metabolo-
mics analyses. In addition, a comparison of the metabo-
lite profiles of Cd-tolerant and Cd-sensitive Kentucky
bluegrass cultivars was conducted to identify important
metabolic pathways that enhance Kentucky bluegrass
tolerance to Cd stress. The study provides new insights
into the functional metabolites that enhance the toler-
ance of Kentucky bluegrass to Cd stress. Indeed, some
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of these metabolites may serve as compounds that could
be potentially applied during plant remediation in Cd-
contaminated soils that would help increase tolerance of
Kentucky bluegrass to Cd stress.

Materials and methods

Cultivation of Kentucky bluegrass

Previously, a Cd-tolerant Kentucky bluegrass variety,
Midnight (M), and a Cd-sensitive variety, Rugby II (R),
were identified from a pool of 12 Kentucky bluegrass
varieties by assessing variation in germination, photosyn-
thesis, growth, and physiological traits under Cd stress
[16, 36]. The present study further investigated the mech-
anisms that enhance Cd tolerance in Kentucky bluegrass
using the Cd-tolerant M and Cd-sensitive R varieties. The
Kentucky bluegrass seeds for the M and R varieties were
provided by Clover Ecological Technology Co., LTD (Bei-
jing, China).

Seeds of Kentucky bluegrass varieties M and R were
evenly sown into pots (30 cm x 20 cm x 20 c¢m) filled
with vermiculite that were covered with a 1 cm layer of
vermiculite and sprayed daily with distilled water to keep
the vermiculite moist. After germination of the M and R
seeds, they were irrigated with Hoagland nutrient solu-
tion [37]. Seedlings were cultivated in an artificial cli-
mate incubator. Cultivation temperature was maintained
at 25/20°C (light/dark) with a light intensity of 360 pmol
m~2 571, a photoperiod of 16 h light/8 h dark, and a rela-
tive humidity of 65% [8]. After 1 month of pre-cultiva-
tion, M and R seedlings were transplanted into opaque
hydroponic containers (12 cm length x 8 cm width x
11 cm height). The lids of the hydroponic containers were
equipped with 6 holes, each containing 3 Kentucky blue-
grass plants. The plants were secured at the base of the
shoots using sponges. Cd stress treatment was initiated
after an additional 15 days of cultivation with Hoagland
nutrient solution in the hydroponic containers.

Cd treatment

The M and R varieties were divided into control (CK) and
treatment (Cd) groups. Each treatment comprised 6 indi-
vidual hydroponic boxes as biological replicates. The con-
trol groups for the M and R varieties were cultivated with
Hoagland nutrient solution, while the treatment groups
were exposed to Cd stress using 600 uM of CdCl,-2.5H,0
in the same Hoagland nutrient solution. After 3 days of
Cd treatment, widely-targeted metabolomic and lipido-
mic analysis were conducted using the roots of M and R
varieties after Cd and Cd-free conditions. Each treatment
group comprised three biological replicates.

Sample preparation and metabolome extractions
Fresh root samples of Kentucky bluegrass (0.2 g) were
freeze-dried using a lyophilizer (Scientz-100 F, Ningbo,
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China) and subsequently homogenized into a uniform
paste using liquid nitrogen. Metabolites from the homog-
enized samples were extracted using 1.2 mL of pre-cooled
(-20 °C) 70% methanolic aqueous internal standard
extract. Extraction lasted for 30 min, during which the
samples were vortexed every 5 min for 30 s each time.
The samples were then centrifuged at 12,000 rpm for
3 min, followed by collection of supernatants and filter-
ing through a 0.22 pum microporous membrane.

Metabolite analysis with UPLC-ESI-MS/MS

Metabolites in the filtrates discussed above were
identified using an ultra-performance liquid chro-
matography-electrospray ionization-tandem mass spec-
trometry (UPLC-ESI-MS/MS) system (UPLC, ExionLC™
AD, https://sciex.com.cn/, Framingham, USA) and a tan
dem mass spectrometry system (https://sciex.com.cn/)
[38, 39]. The UPLC system was equipped with an Agilent
SB-C18 column (1.8 pm, 2.1 mm x 100 mm) and used a
mobile phase comprising solvent A (pure water with 0.1%
formic acid) and solvent B (acetonitrile with 0.1% for-
mic acid). Sample measurements were conducted using
a gradient starting with 95% of solvent A and 5% of sol-
vent B. Over 9 min, a linear progression to 5% of solvent
A and 95% of solvent B, followed by a 1 min retention at
5% of solvent A and 95% of solvent B. The composition
was then changed to 95% solvent A and 5.0% of solvent B
within 1.1 min and maintained for 2.9 min. The flow rate
was set at 0.35 mL/min, the column oven temperature
at 40 °C, and the injection volume at 2 pL. The effluent
was directed to an ESI-triple quadrupole-linear ion trap
(QTRAP)-MS system.

ESI source operation parameters included a source
temperature set to 500 °C, ion spray voltage in the posi-
tive ion mode set to 5,500 V, and set to —4,500 V in the
negative ion mode. The gas settings for ion source gas I,
gas II, and curtain gas were maintained at 50, 60, and 25
psi, respectively. The collision-induced ionization param-
eter was set to high. Multiple reaction monitoring experi-
ments with collision gas (nitrogen) set to medium were
used to acquire QQQ scans. The declustering poten-
tial and collision energy for individual multiple reac-
tion monitoring transitions were optimized, followed by
a specific set of monitored transitions for each period
based on eluted metabolites.

Identification and quantification of metabolites

Qualitative analysis of the detected metabolites was con-
ducted based on the Metware database (Metware Bio-
technology Co., Ltd, Wuhan, Hubei, China) [40]. The
chromatographic peaks detected for each metabolite in
samples were corrected based on retention time and peak
information to enable comparison of abundances of each
metabolite among different samples. The corrections
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ensured accurate qualitative and quantitative analyses
[41].

Sample quality control and differential metabolite analyses
Quality control (QC) samples were prepared by mixing
sample extracts to assess the reproducibility of sample
analyses when using the same processing conditions.
Principal component analysis (PCA) was conducted on
all samples, including the QC samples, to evaluate over-
all metabolite differences between sample groups and
within-group variation [42]. Metabolite profiles were
also analyzed using Partial Least Squares-Discriminant
Analysis (PLS-DA) combined with orthogonal signal
correction (OSC) to more comprehensively investigate
differences among treatment groups using multivariate
statistical analysis [43]. Differentially expressed metab-
olites (DEMs) were selected by integrating variable
importance in projection (VIP) values obtained from the
OPLS-DA model with fold-change (FC) values derived
from univariate analysis. Metabolites were considered
as DEMs between different comparison groups if they
had VIP>1 and FC>2 or FC<0.5. DEMs were further
annotated against the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database to investigate metabolic
pathways involved in responses to Cd stress [44].

Sample preparation and lipidome extractions

Freeze-dried samples were prepared as indicated in
Sect. 2.1. A total of 0.02 g of freeze-dried root samples
were extracted in 1 mL of extraction solvent (MTBE:
MeOH =3:1, v/v) that was supplemented with an internal
standard mixture. After shaking at 2,500 rpm for 15 min,
300 pL of ultrapure water was added, followed by 1 min
of shaking and then incubation at 4 °C for 10 min. The
mixtures were centrifuged at 12,000 rpm for 10 min, fol-
lowed by collection of 200 pL supernatant. The superna-
tant was subsequently concentrated at 20 °C for 2 h until
completely dry. The dried extracts were dissolved in 200
pL of the reconstituted solution (ACN: IPA =1:1, v/v) for
LC-MS/MS analysis.

Lipid analysis with UPLC-ESI-MS/MS

Lipid molecular species were identified using an UPLC
(SCIEX ExionLC™ AD, Framingham, USA) and an MS/
MS (SCIEX QTRAP® 6500+, Framingham, USA) system
(Metware Biotechnology Co., Ltd, http://www.metware
.cn/, Wuhan, Hubei, China). A Thermo Accucore™ C30
chromatographic column (2.6 pum, 2.1 mm x 100 mm i.d.,
Waltham, USA) was used in the LC-ESI-MS/MS system.
The mobile phase comprised two components including
the A phase that consisted of acetonitrile/water (60/40,
v/v) with 0.1% formic acid and 10 mmol/L ammonium
formate; and the B phase that constituted acetonitrile/
isopropanol (10/90, v/v) with 0.1% formic acid and 10
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mmol/L ammonium formate. The gradient elution pro-
grams and ESI-MS/MS conditions were set as previously
described [45]. A mobile phase flow rate of 0.35 mL/min,
a column temperature of 45 °C, and an injection volume
of 2 uL. were used for each sample.

Identification and quantification of lipid species

The identification of lipid molecular species was based on
the in-house MetWare Database (MWDB) that considers
the retention times of analytes and parent-daughter ion
pair information to enable qualitative analysis [46]. Fol-
lowing methods described in Sect. 2.5, PCA and PLS-DA
analyses were used with the lipid profile information.
Significantly differentially abundant lipids among groups
were identified based on VIP values (VIP>1) and abso-
lute log2 fold change values (|log,FC| = 1.0).

Results

Widely targeted metabolome and lipidome profiling of
Kentucky bluegrass under cd stress

Pearson correlation analysis among samples revealed
that the three biological replicates within each treatment
group exhibited correlation coefficients>0.95, indicat-
ing a high level of consistency among samples within
treatment groups (Fig. 1A). Further, the PCA of widely
targeted metabolome profiles revealed that biologi-
cal replicates from different treatment groups clustered
together, further supporting the high consistency among
replicates within treatment groups (Fig. 1B). Additionally,
the three QC samples were highly similar and clustered
together, confirming the stability of the instrument dur-
ing measurements and a high level of reliability for the
obtained data (Fig. 1B). Flavonoids were the most preva-
lent metabolites, comprising 15.69% of all metabolites,
with phenolic acids (13.47%), alkaloids (11.59%), and
amino acids and derivatives (11.54%) following (Fig. 1C).
After Cd stress, the M variety exhibited up-regulation
of 436 DEMs and down-regulation of 272 DEMs, while
the R variety exhibited up-regulation of 450 DEMs and
down-regulation of 233 DEMs (Fig. 1D). PCA of the lipi-
dome profiles indicated that samples from the same treat-
ment group clustered together, suggesting high biological
replicate consistency for treatments and overall appro-
priateness for subsequent analyses (Fig. S1). In addition,
the QC samples clustered together, suggesting stable
measurement conditions and high data quality (Fig. S1).
TG were the most abundant lipids detected among all
samples, with levels exceeding 40% in each treatment
(Fig. 2E-H). After Cd stress, the proportion of LDGTS
decreased to the greatest extent in the M and R varieties
when compared against the CK treatment (Fig. 2E-H).
However, the proportions of most lipid subclasses exhib-
ited only minor changes under Cd stress (Fig. 2E-H).
A total of 224 lipid species in the M variety exhibited
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(See figure on previous page.)

Fig. 1 Quality assessment of Kentucky bluegrass metabolomes and lipidomes under Cd stress, in addition to classification and differential expression
analysis of metabolites. (A) Pearson’s correlation coefficients among samples. The numbers inside the squares are the correlation coefficients between
samples, with deeper red colors indicating stronger positive correlations. (B) PCA analysis of metabolites. PC1 is the first principal component, PC2 is the
second principal component, and the percentage indicates the explanatory power of each component for the overall dataset. Each point in the figure
represents a sample profile, and samples from the same treatment group are shown in the same color. (C) Overall metabolite compositions. Each color
represents a category of metabolites, with the size of the colored block indicating the proportion of that category. (D) Differentially expressed metabolites
within the M and R varieties under Cd stress. (E-H) Proportion of lipid species in samples from different treatment groups. Each color represents a lipid
subclass, with the area of the colored block indicating the proportion of that subclass among the overall profile. (1) Differential expression analyses of lipid
species under Cd stress. (J) Numbers of common and unique differentially expressed lipids in the M and R varieties of Kentucky bluegrass under Cd stress.
CK: control group; Cd: treatment group (600 uM of Cd stress); M: Cd-tolerant Kentucky bluegrass variety; R: Cd-sensitive Kentucky bluegrass variety; QC:

quality control samples. M-Cd_vs_M-CK and R-Cd_vs_R-CK indicate comparisons of the Cd and CK treatments with the M and R varieties

differential expression under Cd stress, with 41 being up-
regulated and 183 being down-regulated (Fig. 2I). How-
ever, 114 lipid species were up-regulated in the R variety,
while only 81 lipid species were down-regulated (Fig. 2I).
Furthermore, among the differentially expressed lipids, a
total of 100 were differentially expressed when compar-
ing Cd treatment of both the M and R varieties (Fig. 2J).
After Cd stress, 124 lipid species exhibited specific differ-
ential abundances in the M variety, while 95 lipid species
exhibited specific differential abundances in the R variety
(Fig. 2J). These results indicate that under Cd stress, the
M and R varieties exhibit markedly different lipid metab-
olism profiles.

KEGG enrichment and classification of Cd-induced DEMs in
the M and R varieties

DEMs in the M variety after Cd stress primarily included
those involved in metabolic pathways and the biosynthe-
sis of secondary metabolites (Fig. S2A). In addition, Cd
stress-mediated DEMs within the R variety were primar-
ily enriched and in association with pathways of biosyn-
thesis of cofactors and amino acids (Fig. S2A). During
Cd stress, pathways including metabolism of nicotinate/
nicotinamide, stilbenoid, diarylheptanoid, linoleic acid,
arachidonic acid, and sulfur were enriched in both vari-
eties, alongside pathways related to the biosynthesis of
amino acids, flavonoids, gingerol, and phenylpropanoid
biosynthesis, suggesting a common response to Cd tox-
icity between the varieties (Fig. S2A). In addition, Cd
stress treatment of the M variety led to a greater number
of DEMs enriched in pathways including the metabolism
of phenylalanine, ascorbate, aldarate, and C5-branched
dibasic acid metabolism, in addition to ABC transport-
ers (Fig. S2A). Thus, metabolites in these pathways may
play critical roles in Cd tolerance within the M variety.
Classification of the Cd stress-mediated DEMs revealed
that the highest abundances of phenolic acids and amino
acids, in addition to derivatives, were present in both the
M and R varieties (Fig. S2B). However, after Cd stress,
the abundances of differentially abundant phenolic acids
were higher in the R variety than in the M variety, while
the abundances of amino acids and derivatives were
higher in the M variety than in the R variety (Fig. S2B).

It is worth noting that the abundances of differentially
abundant terpenoids, including sesquiterpenoids, triter-
penes, terpenes, and monoterpenoids, were much higher
in the M variety than in the R variety (Fig. S2B).

Pearson correlation analysis reveals key metabolites
responsive to cd stress in the M variety

Pearson correlation network analysis revealed a total of
179,509 interactions, with correlation coefficients>0.9
(Fig. 3A). The 20 most enriched downstream metabo-
lites were further scrutinized, with 10 of these being
amino acids or derivatives (Fig. 3B). Additionally, the
abundances of saccharides, flavonols, lignans, and alco-
hols exhibited high correlations with numerous other
metabolites (Fig. 3B). Classification of the metabolites
within the correlation network revealed that phenolic
acids and amino acids (and their derivatives) were the
most abundant, followed by flavones, sesquiterpenoids,
and alkaloids (Fig. 3C). Moreover, a significant number
of lipids, including 21 free fatty acids, 19 lysophosphati-
dylethanolamines (LPEs), and 15 lysophophatidylcholine
(LPCs), were identified (Fig. 3C). Thus, these metabolites
may play critical roles in the responses of the Kentucky
bluegrass M variety to Cd stress.

Effects of Cd stress on the concentrations of amino acids,
phenolic acids, and saccharides in Kentucky bluegrass
Given the critical role of amino acids and derivatives in
Cd stress responses, a comparative analysis was con-
ducted of their abundances in the M and R variety
roots (Fig. 2, S3A). Both the M and R varieties exhib-
ited increased levels of amino acids and derivatives after
Cd stress. Notably, the M variety exhibited more pro-
nounced increases of these compounds relative to the R
variety (Fig. 2, S3A). Furthermore, both the M and R vari-
eties exhibited increased saccharide concentrations after
Cd stress, with the M variety demonstrating higher sac-
charide concentrations relative to the R variety after Cd
stress (Fig. 2, S3B). The higher concentrations of amino
acids, saccharides, and associated derivatives in the M
variety likely enhances their tolerance to Cd stress. Con-
sidering phenolic acids, a total of 170 differentially abun-
dant phenolic acids were identified in both the M and
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R varieties after Cd stress, with the majority exhibiting
increased abundances (Fig. S4). Specifically, 118 pheno-
lic acids were up-regulated in the M variety, while 108
phenolic acids were up-regulated in the R variety (Fig.
S4). The observed increases in phenolic acid levels con-
sequently might positively influence the response of Ken-
tucky bluegrass to Cd stress (Fig. S4).

Effects of cd stress on lipid species in Kentucky bluegrass

Both the M and R varieties exhibited decreased total
lipid content after Cd stress (Fig. 4A). Further, both
varieties exhibited significant increases in acyl diacyl-
glyceryl glucuronide (ADGGA) and monogalactosyl-
diacylglycerol (MGDG) concentrations after Cd stress
(Fig. 4B, Q). Furthermore, both varieties exhibited sig-
nificant decreases in ceramide (Cer), lysodiacylglyceryl
trimethylhomoserine (LDGTS), LPA, and phosphatidic
acid (PA) concentrations after Cd stress (Fig. 4D, K, L,
R). After Cd stress, the R variety exhibited significantly

higher levels of cholesteryl ester (CE), diacylglyceryl
glucuronide (DGGA), diacylglyceryl trimethylhomoser-
ine (DGTS), and monogalactosyldiacylglycerol (MGDG)
compared to the M variety (Fig. 4C, H, I, Q). In addition,
the abundances of Cert, PMeOH, and TG in the M vari-
ety were significantly higher than in the R variety after Cd
stress (Fig. 4E, S, W).

Although most lipid species in the M and R varieties
did not exhibit significantly different abundances when
comparing Cd stress and control conditions, noticeable
changes were observed in the lengths of the acyl chains
of these lipid molecular species (Fig. 5). A significant
decrease in free fatty acid (FFA) concentrations were
observed in both the M and R varieties after Cd stress
(Fig. 5). Further, the concentrations of phosphatidic acid
(PA) and lysophosphatidic acid (LPA) with shorter acyl
chains were lower in both varieties after Cd stress, while
the abundances of diacylglycerol (DG), monogalacto-
syldiacylglycerol (MGDG), phosphatidylcholine (PC),
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lipid species are shown based on different acyl chains: double bonds

triacylglycerol (TG), and lysophosphatidylcholine (LPC)
with longer acyl chains increased in both varieties after
Cd stress (Fig. 5, S5). Thus, the elongation of lipid acyl
chains may represent an important response of Kentucky
bluegrass to Cd stress.

Effects of cd stress on flavonoid concentrations in Kentucky
bluegrass

After Cd stress, the abundances of phenylalanine, cou-
maric acid, cinnamic acid, and their derivatives increased

in the M and R varieties (Fig. 6). These metabolites serve
as precursors in the synthesis of flavones, flavonols, iso-
flavones, and flavanones (Fig. 6). Under both Cd stress
and control conditions, the M variety exhibited higher
abundances of flavones, flavonols, isoflavones, and flava-
nones compared to the R variety, which may be related to
responses to Cd stress (Fig. 6).
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Discussion

Lipid remodeling is involved in the cd stress responses of
Kentucky bluegrass

VLCFAs are considered key substrates in suberin biosyn-
thesis [23, 47]. Moreover, VLCFAs play important roles
as essential precursors in the biosynthesis of triacylglyc-
erols, waxes, phospholipids, and complex sphingolipids
[48]. Abiotic stresses including salinity, low tempera-
tures, and exposure to heavy metals may elevate levels of
VLCFAs in different plant species [49]. Nevertheless, sev-
eral studies have demonstrated that exposure to Cd leads
to markedly lower levels of VLCFAs in Triticum aesti-
vum [50], Catharanthus roseus [51], and Linum usitatis-
simum [52]. The concentrations of VLCFAs in Kentucky
bluegrass varieties M and R decreased in response to Cd
stress in the short-term (Fig. 5). However, Cd stress led
to increased Cert, DG, MGDG PC, and TG levels in both
M and R varieties (Figs. 4 and 5 and S5). The synthesis of
these lipid species may result in depletion of FAA and PA
[53]. Moreover, increased levels of saturated PG, DG, TG,
PC, and LPC lipid species were observed in both M and R
varieties under Cd stress accompanied by decreased lev-
els of unsaturated PG, DG, TG, PC, and LPC lipid species
that have an increased numbers of double bonds (Fig. 5,
S5). Lipids with long and saturated fatty acids increase
membrane thickness and rigidity due to dense packing
of hydrophobic tails and enhanced lipid-lipid interac-
tions [54]. Consequently, the elongation of acyl chains
and reduced number of unsaturated double bonds in lip-
ids of the M and R varieties under Cd stress could be key
mechanisms involved in their adaptation to the stress.
Comparable regulatory patterns were also observed in
the roots of Triticum aestivum that were subjected to Cd
stress [55].

The ratios of DGDG/MGDG and PC/PE are critical
indicators that can enable assessment of plasma mem-
brane stability [31]. A recent study [55] demonstrated a
positive correlation between DGDG/MGDG and PC/PE
ratios with plasma membrane stability. After Cd stress,
the DGDG/MGDG and PC/PE ratios of the M vari-
ety exceeded those of the R variety (Fig. S6), indicating
greater plasma membrane stability within the M vari-
ety. Another study [56] also revealed that the drought
and salt-tolerant Gossypium cultivar exhibited elevated
DGDG/MGDG ratios. Moreover, wheat has been shown
to exhibit an increased PC/PE ratio under heat stress
[57].

Increased saccharide and amino acid concentrations

contribute to enhanced cd tolerance in Kentucky bluegrass
Cell wall polysaccharides exhibit abundant hydroxyl and
carboxyl groups, offering abundant binding sites for Cd
ion complexing [58]. D-fructose-6-phosphate and D-glu-
cose-6-phosphate are key metabolites in the galactose
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metabolism pathway and are essential precursors of cell
wall polysaccharides [6, 25]. Further, the overexpression
of raffinose synthase has been shown to increase drought
tolerance of Zea mays and Arabidopsis thaliana by stim-
ulating raffinose synthesis [59]. The M variety exhib-
ited increased levels of metabolites related to galactose
metabolism including galactinol, raffinose, stachyose,
D-sucrose, D-fructose-6-phosphate, D-glucose-6-phos-
phate, N-acetyl-D-galactosamine, and melibiose after
Cd stress, potentially enhancing its tolerance to Cd-
induced stress through the biosynthesis of cell wall poly-
saccharides. We previously showed that the M variety of
Kentucky bluegrass exhibits a higher concentration of
hemicellulose in root cell walls compared to the R variety,
consistent with this observation [6]. Fagopyrum tatari-
cum [60], Triticum aestivum [61], and Medicago sativa
[62] also exhibit enrichment of genes and metabolites
associated with galactose metabolism after Cd stress.

The majority of amino acids exhibit abundances with
significant positive correlations to Cd accumulation and
resistance in plants [63—-65]. Cd stress can induce the
synthesis of heavy metal-associated transporters in plants
[66]. The metal-binding domains of heavy metal-asso-
ciated transporters in plants contain significant propor-
tions of cysteine, aspartic acid, glutamic acid, histidine,
and methionine amino acid residues [67]. The elevated
levels of S-(5’-adenosy)-L-homocysteine, N-alpha-acetyl-
L-asparagine, L-aspartic acid-O-diglucoside, L-homoglu-
tamic acid, L-histidine, S-(5-adenosyl)-L-methionine,
L-homomethionine, and S-adenosylmethionine in both
the M and R varieties could potentially enhance Cd accu-
mulation and tolerance in Kentucky bluegrass (Fig. 2,
S3A). Moreover, the M variety exhibited elevated levels of
various free amino acids (DL-threonine, L-saccharopine,
L-threonine, L-homoserine, 3-(pyrazol-1-yl)-L-alanine,
L-y-glutamyl-L-leucine, N-y-acetyl-L-ornithine, L-his-
tidine, L-glutamyl-L-tyrosine, L-valyl-L-phenylalanine,
L-lysine, N-malonylleucine, and N-acetyl-tryptophan)
after Cd stress, potentially improving its Cd tolerance
(Fig. 2, S3A). Similarly, higher levels of free amino acids
were detected in the Cd-tolerant plant Crassocephalum
crepidioides relative to the Cd-sensitive plant Ageratum
conyzoides [68].

Nitric oxide and polyamines play important roles as
signaling molecules in plant responses to environmental
stress [24, 69]. Further, arginine is a precursor for both
polyamines and nitric oxide [70]. Increased expression
of the superoxide dismutase gene SOD1 in Arabidopsis
enhances spermidine accumulation, thereby improv-
ing tolerance to Cd [71]. Under Cd stress, the M variety
of Kentucky bluegrass demonstrated increased levels
of arginine and its derivatives, including homoarginine,
arginine methyl ester, N-monomethyl-L-arginine, NG,
NG-dimethyl-L-arginine, and N, N’-dimethylarginine,
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suggesting an important function of enhanced arginine
metabolism in mitigating Cd-induced stress (Fig. 2, S3A).
Increased arginine levels induced by Cd stress have also
been reported in Oryza sativa [9].

Enhanced tolerance to cd in the M variety via increased
flavonoid levels

Flavonoids exhibit cytoprotective effects against Cd-
induced diseases by scavenging reactive oxygen species,
chelating Cd to reduce its biotoxicity, and mitigating
DNA damage while inhibiting apoptosis [72]. Phenylala-
nine metabolism is the essential pathway for synthesiz-
ing flavonoids [73]. In addition, Coumaric and cinnamic
acids are crucial metabolites within phenylpropane
metabolism [74]. Accordingly, the increased abun-
dances of phenylalanine, coumaric acid, cinnamic acid,
flavonoids, and their derivatives in the M and R variet-
ies under Cd stress indicates the involvement of phenyl-
propane metabolism-mediated flavonoid biosynthesis in
responding to Cd stress (Fig. 6, Table S1). Consistently,
phenylpropane metabolism contributes to the responses
of Cucumis melo [75], Tagetes patula [76], and Oryza
sativa [77] to Cd stress. The elevated levels of flavo-
noids in the M variety relative to the R variety in both
the control and Cd treatment conditions could signifi-
cantly contribute to the observed enhanced tolerance
to Cd-induced stress (Fig. 6, Table S1). Consistently,
the drought-tolerant Triticum aestivum demonstrated
elevated expression of genes involved in flavonoid bio-
synthesis and higher flavonoid content in contrast to the
sensitive variety [78].

Conclusions

The global metabolomic and lipidomic analyses of this
study revealed a comprehensive metabolic landscape of
Kentucky bluegrass in response to Cd stress. Cd stress
triggered lipid restructuring in both the M and R variet-
ies of Kentucky bluegrass, leading to increased lengths of
acyl chains in lipid species and saturation levels of PG,
DG, TG, PC, and LPC. Further, the elevated concentra-
tions of amino acids (DL-threonine, L-saccharopine,
L-threonine, L-homoserine, 3-(pyrazol-1-yl)-L-alanine,
L-y-glutamyl-L-leucine, N-y-acetyl-L-ornithine, L-his-
tidine, L-glutamyl-L-tyrosine, L-valyl-L-phenylalanine,
L-lysine, N-malonylleucine, and N-acetyl-tryptophan),
saccharides (galactinol, raffinose, stachyose, D-sucrose,
D-fructose-6-phosphate, D-glucose-6-phosphate, N-ace-
tyl-D-galactosamine, and melibiose), flavonoids (fla-
vones, flavonols, isoflavones, and flavanones), and their
derivatives in the M variety (but not the R variety) under
Cd stress may enable enhanced tolerance to Cd. However,
the roles of these key metabolites in Cd detoxification
and transport require further validation. In subsequent
studies, these key metabolites may be exogenously
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applied or genetically modulated in planta to coordinate
cadmium detoxification or accumulation dynamics.

Abbreviations

Cd Cadmium

M Midnight

R Rugby Il

QC Quiality control

PCA Principal component analysis

PLS-DA  Partial Least Squares-Discriminant Analysis
0sC Orthogonal signal correction

DEMs Differentially expressed metabolites

VIP Variable importance in projection

FC Fold-change

KEGG Kyoto Encyclopedia of Genes and Genomes

MWDB MetWare Database
LPEs Lysophosphatidylethanolamines

LPCs Lysophophatidylcholine

ADGGA  Acyl diacylglyceryl glucuronide
MGDG Monogalactosyldiacylglycerol

Cer Ceramide

LDGTS Lysodiacylglyceryl trimethylhomoserine
PA Phosphatidic acid

CE Cholesteryl ester

DGGA Diacylglyceryl glucuronide

DGTS Diacylglyceryl trimethylhomoserine
MGDG Monogalactosyldiacylglycerol

Cert Phytoceramide

Cert Phytoceramide

DG Diacylglycerol

DGDG Digalactosyldiacylglycerol

DGTS Diacylglyceryl trimethylhomoserine
HexCer Hexosylceramide

LDGTS Lysodiacylglyceryl trimethylhomoserine
LPA Lysophosphatidic acid

LPC Lysophophatidylcholine

LPE Lysophosphatidylethanolamine
LPG Lysophosphatidylglycerol

LPI Lysophosphatidylinositol

MGDG Monogalactosyldiacylglycerol
PMeOH  Phosphatidylmethanol

PS Phosphatidylserine

SPH Sphingosine

SQDG Sulfoquinovosyl diacylglycerol

TG Triacylglycerol

FFA Fatty acid

PC Phosphatidylcholine

TG Triacylglycerol
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