
Academic Editor: Sławomir

Orzechowski

Received: 12 June 2026

Revised: 1 July 2026

Accepted: 2 July 2026

Published: 5 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Integrated Physiological and Metabolomic Analyses Identify
Metabolic Traits Associated with Cold Resistance in Two
Oat Varieties
Hongmei Zhang, Yiman Liu, Yiwen Zou, Yinghua Shi, Yalei Cui, Xiaoyan Zhu, Zhichang Wang, Boshuai Liu
and Defeng Li *

Henan Key Laboratory of Innovation and Utilization of Grassland Resources, College of Animal Science and
Technology, Henan Agricultural University, Zhengzhou 450046, China; 15069135096@163.com (H.Z.);
lymanve@163.com (Y.L.); 19138057014@163.com (Y.Z.)
* Correspondence: leadephone@126.com

Abstract

Low temperatures limit the yield and stability of autumn-sown oats; thus, investigating
cold resistance physiological responses is essential. In this study, we compared a cold-
resistant variety (‘Aiwo’) and a cold-sensitive variety (‘Hewang’). ‘Aiwo’ exhibited a
significantly higher overwintering survival rate (96.9%) and superior physiological traits,
including elevated levels of soluble proteins, proline, putrescine, unsaturated fatty acids,
and glutathione, alongside greater ATPase activity and reduced ROS levels. Exogenous
putrescine application suggested a potential role of Put in alleviating lipid peroxidation.
Metabolomic analysis showed that the arginine–proline and cysteine–methionine pathways
were enriched among DAMs associated with ‘Aiwo’, accompanied by the accumulation of
stress-protective metabolites. These metabolic changes may contribute to improved energy
balance and membrane stability under low-temperature conditions. Our findings suggest
that proline, putrescine, and glutathione are candidate physiological indicators associated
with the cold-resistant phenotype, which may facilitate future screening of cold-resistant
oat germplasm.

Keywords: Avena sativa; cold resistance; low-temperature stress; untargeted metabolomics;
reactive oxygen species; antioxidant system; amino acid metabolism

1. Introduction
Driven by global climate change, the frequency of extreme temperature events, partic-

ularly severe cold and heat waves, has increased significantly in recent years [1,2]. Among
these, cold stress substantially reduces the overwintering rate of crops and compromises
their spring regrowth capacity, serving as the primary abiotic constraint on the geographi-
cal distribution of crops and the optimization of cropping systems. At the cellular level,
low-temperature stress induces intracellular ice crystal formation, leading to cellular dehy-
dration and mechanical injury. Concurrently, dysfunction in the mitochondrial electron
transport chain causes electron leakage, facilitating the single-electron reduction of oxygen
to superoxide anions (O2

−). This subsequently triggers a cascade of reactions producing
various reactive oxygen species (ROS), including hydrogen peroxide (H2O2) [3]. Excessive
ROS induces membrane lipid peroxidation, resulting in the degradation of polyunsatu-
rated fatty acids (PUFA) in cell membranes and the generation of substantial amounts
of malondialdehyde (MDA), ultimately causing irreversible cellular damage and even
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plant death [4]. To adapt to low temperatures, plants lower their cellular freezing point
by accumulating osmolytes such as soluble proteins and sugars, and modulate membrane
lipid composition to enhance cell membrane stability [5]. Additionally, plants maintain
cellular homeostasis by activating antioxidant enzyme systems, such as superoxide dismu-
tase (SOD) and catalase (CAT), to promptly scavenge intracellular free radicals including
O2

− [6]. Metabolomic approaches have been increasingly used to investigate cold-stress
responses in cereal crops. Previous studies in oats, wheat, barley, and rye have shown that
low-temperature adaptation and overwintering are associated with changes in amino acid
metabolism, soluble sugars, organic acids, lipid metabolism, antioxidant-related metabo-
lites, and other stress-responsive metabolic processes [7–10]. These studies indicate that
metabolomics can complement conventional physiological measurements by revealing
stress-responsive metabolic processes underlying cold tolerance. Nevertheless, most avail-
able studies have focused on controlled low-temperature treatments or cereal crops other
than autumn-sown oats, and the metabolic variations associated with natural overwintering
performance among different oat cultivars remain poorly understood.

Oats are globally cultivated cereals and forage crops of the grass family. Due to their
high nutritional value, palatability, and broad adaptability, they play an important role
in livestock production [11]. Autumn-sown oats are primarily cultivated in the Yangtze
River Basin of central China and in southwestern regions, where winters are not severely
cold, allowing them to overwinter safely. The climatic conditions in regions suitable for
autumn-sown oats in Europe and the United States are similar to those in the Yangtze
River Basin, with winter temperatures rarely dropping below 0 ◦C, thereby thus avoiding
overwintering concerns. Although oats cannot overwinter in most of northern China,
research indicates that autumn-sown oats can survive winters in the southern Huang-
Huai-Hai region. Furthermore, autumn-sown oats yield over 50% more than spring-
sown oats and can be harvested approximately half a month earlier, facilitating a double-
cropping system with corn [12]. However, ensuring the safe overwintering of oats remains
a key bottleneck limiting the promotion of this cropping system. Cold resistance varies
substantially among oat varieties. Currently, research on oat cold resistance largely focuses
on short-term cold stress at the seedling stage under laboratory conditions; systematic
studies on cold stress during natural overwintering in the field remain extremely limited.
Moreover, existing reports are predominantly restricted to surveys of agronomic traits or
measurements of single physiological indicators, lacking multidimensional analyses that
integrate key physiological phenotypes of cold responses with metabolomics. This research
gap not only restricts our fundamental understanding of the physiological and metabolic
basis of cold adaptation in oats but also directly constrains the precise screening and genetic
improvement of cold-resistant oat germplasm.

Therefore, we compared the overwintering rates, physiological and biochemical traits,
and metabolomic profiles of two oat varieties with contrasting overwintering abilities:
the cold-resistant ‘Aiwo’ and the cold-sensitive ‘Hewang’. The aim of this study is to
identify key physiological indicators and core metabolic pathways associated with oat cold
resistance, and to elucidate the physiological and metabolic responses of oats to natural
low-temperature stress. Ultimately, this work provides specific physiological and metabolic
markers to facilitate the evaluation and breeding of cold-resistant oat germplasm.

2. Materials and Methods
2.1. Materials and Experimental Design

The experiment was conducted in Henan Province, central China (35◦6′ N, 113◦56′ E).
The region has a continental monsoon climate in the transition zone between the North
Subtropical and Warm Temperate zones, with an average annual frost-free period of
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233 days. The months from December to February are characterized by cold and dry
conditions, with extreme minimum temperatures ranging from −15 ◦C to −8 ◦C. The
long-term mean annual precipitation is approximately 653 mm, with most precipitation
occurring in summer (approximately 404 mm), especially in July (approximately 268 mm),
whereas winter precipitation is relatively low, averaging approximately 30 mm. Snowfall
events were observed from 23 to 25 January, on 20 February, and on 2 March 2025 during the
experimental period. Temperature conditions during the experimental period are presented
in Figure 1. The experimental soil was a loam with moderate fertility. Before sowing, the soil
organic matter content was 1.33%, alkali-hydrolyzable nitrogen was 73.5 mg/kg, available
potassium was 107 mg/kg, and available phosphorus was 18.8 mg/kg.

Figure 1. Air temperature from October to March of the following year.

The experiment selected the cold-resistant oat variety ‘Aiwo’ (A; origin: USA)
and the cold-sensitive oat variety ‘Hewang’ (H; origin: Canada), which were prelimi-
narily identified from a screening of 23 commercial oat varieties based on contrasting
winter survival rates, while exhibiting comparable hay yields and nutritional qualities
(Supplementary Table S1). The seeds were purchased from Beijing Zhengdao Ecological
Technology Co., Ltd. (Beijing, China). and Beijing Yangguang Lvdi Ecological Technology
Co., Ltd. (Beijing, China), respectively. A randomized block design was employed with
four replicates, with each experimental plot measuring 2 m × 10 m. Manual row seeding
was conducted on 1 October 2024 at a seeding rate of 100 kg·hm−2, with row spacing of
20 cm and seeding depth of 3–5 cm. After emergence, the final plant population densities
of both ‘Aiwo’ and ‘Hewang’ were close to 4.0 × 106 plants·hm−2. Basal fertilizer was
applied before sowing as a compound fertilizer (N:P2O5:K2O = 24%:14%:7%) at a rate of
300 kg·hm−2, equivalent to 72 kg·hm−2 N, 42 kg·hm−2 P2O5, and 21 kg·hm−2 K2O.

2.2. Determination of Overwintering Rate and Relative Chlorophyll Content (SPAD)

The initial seedling count (M1) was recorded on 21 December 2024, and the number of
surviving seedlings (M2) was recorded after regrowth on March 10 of the following year.
The overwintering rate was calculated using the following equation:

Overwintering rate(%) = M2/M1 × 100%

Additionally, relative chlorophyll content (SPAD) was measured at the midpoint of
the 3rd to 5th leaves on the main stem using a TYS-A chlorophyll meter across three
developmental stages: pre-overwintering (3 December 2024), regreening (5 March 2025),
and jointing (9 April 2025).
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2.3. Measurement of Freezing Point, Relative Electrical Conductivity (REC), and ATPase Activity

Fresh leaf samples from the 3rd to 5th nodes were collected on 21 December 2024.
To determine the freezing point, fresh leaves were placed into a 300 mL metal can. The
probe of a testo 175-T2 high-precision electronic temperature recorder (accuracy 0.1 ◦C) was
positioned directly between the leaf samples to record leaf temperature, avoiding contact
with the metal walls. The apparatus was placed in a −20 ◦C freezer, and temperature data
were recorded every 10 s. The cooling curve was generated to monitor the continuous
temperature drop, and the freezing point was determined from the stable exotherm plateau
(the temperature stabilization following ice nucleation and latent heat release) [13,14].
Relative electrical conductivity (REC) was evaluated following the method described
by [15]. In situ ATPase activity was detected via the lead precipitation method on frozen
sections prepared with an HM525 NX microtome (Thermo Fisher Scientific, Waltham, MA,
USA) and observed under an ECLIPSE-Ci microscope (Nikon, Tokyo, Japan).

2.4. Quantification of Osmotic Regulators and Fatty Acids

Leaf samples collected on 21 December 2024 were stored at −80 ◦C for subsequent bio-
chemical analyses. Soluble sugar and protein contents were measured using the anthrone
and Coomassie Brilliant Blue colorimetric methods, respectively [16].

For lipid analysis, fatty acids were extracted from frozen leaf powder and analyzed
using gas chromatography-mass spectrometry (GC-MS) [17]. The index of unsaturated fatty
acids (IUFA) and double bond index (DBI) were calculated as described previously [18].
Fatty acid desaturase (FAD) activity was estimated using a plant-specific ELISA kit for
plant fatty acid desaturase (FADS) (YJ977042, Shanghai Yuanju Biotechnology Center,
Shanghai, China) according to the manufacturer’s instructions. Briefly, fresh leaf samples
were homogenized on ice in PBS buffer (0.01 M, pH 7.4), using approximately 9 mL of
extraction buffer per 1 g of tissue. The homogenate was centrifuged at 5000× g for 5 min,
and the supernatant was collected for analysis. Standards and sample extracts were added
to antibody-precoated microplates and incubated at 37 ◦C for 90 min. After washing,
biotin-labeled antibody working solution was added and incubated at 37 ◦C for 60 min,
followed by HRP-streptavidin working solution for 30 min. After color development with
TMB substrate for 10–20 min, the reaction was terminated, and absorbance was measured
at 450 nm using a microplate reader. FAD-related activity was calculated according to the
standard curve provided with the kit.

2.5. Assessment of Oxidative Damage and Antioxidant Systems

The levels of reactive oxygen species (O2
− and H2O2), lipid/protein oxidation markers

(MDA and PCO), non-enzymatic antioxidant GSH, and the activities of key antioxidant
enzymes (SOD, CAT, POD, and APX) were determined using commercial micro-assay kits
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China) according to the
manufacturer’s instructions. The kit catalog numbers were as follows: O2

−, BC1295; H2O2,
BC3595; MDA, BC0025; PCO, BC1275; GSH, BC1175; SOD, BC0175; CAT, BC0205; POD,
BC0095; and APX, BC0225. Briefly, frozen leaf samples were homogenized on ice using
the extraction buffers supplied with the corresponding kits, and the supernatants obtained
after centrifugation were used for micro-assay measurements with a microplate reader or
spectrophotometer. Calibration curves were generated using the standards supplied with
the relevant kits, and blank controls were included for absorbance correction. For assays
without standard curves, concentrations or enzyme activities were calculated according to
the equations provided by the manufacturer. Representative samples were pre-tested to
ensure that absorbance values fell within the recommended detection ranges, and samples
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outside the linear range were diluted and re-assayed. The detection limits and linear ranges
were those specified in the kit manuals.

2.6. GC-MS-Based Untargeted Metabolomics Analysis

Metabolomic analysis was performed using five biological replicates for each cultivar,
including five ‘Aiwo’ samples and five ‘Hewang’ samples. Leaf samples were extracted
by homogenizing 50 mg of tissue in 500 µL of cold methanol–water (4:1, v/v) containing
0.02 mg/mL ribitol (internal standard) and 200 µL of chloroform. The homogenate was
ground at 50 Hz for 3 min (twice), ultrasonicated at low temperature for 30 min, and incu-
bated at −20 ◦C for 30 min. After centrifugation (13,000× g, 4 ◦C, 15 min), the supernatant
was dried under a nitrogen stream. For derivatization, the residue was oximated with 80 µL
of methoxyamine hydrochloride (15 mg/mL in pyridine) at 37 ◦C for 90 min, followed by
silylation with 80 µL of BSTFA (1% TMCS) at 70 ◦C for 60 min [19].

Metabolites were analyzed using a TRACE 1610 GC coupled to an Orbitrap Exploris
mass spectrometer (Thermo Fisher Scientific, USA). Separation was performed on a TG-
5SILMS column (30 m × 0.25 mm × 0.25 µm) using helium carrier gas (1 mL/min). A
1 µL sample was injected in split mode (10:1) at 300 ◦C. The oven program started at
80 ◦C (0 min), ramped to 310 ◦C at 20 ◦C/min, and held for 8 min. The EI source was
operated at 70 eV and 230 ◦C. Mass spectra were acquired in full-scan mode (m/z 30–1000)
at 30,000 FWHM resolution. A pooled quality control (QC) sample was injected every
5–15 samples to monitor system stability.

Raw data were processed using Compound Discoverer 3.3 SP3 for peak extraction,
deconvolution, and alignment. Metabolites were putatively identified by matching mass
spectra and retention indices (RI, calculated using C10–C33 alkane standards) against the
NIST 2023, Thermo GC-Orbitrap Metabolomics v2.0, and Majorbio self-built libraries.
Identifications were retained based on an HRF score > 80, MS match factor > 600, and
∆RI < 50.

Subsequent data analyses were performed on the Majorbio Cloud Platform (https:
//cloud.majorbio.com) [20]. Metabolic features detected in ≥80% of any group were
retained, missing values were imputed with the minimum, and intensities were sum-
normalized. Variables with an RSD > 30% in QC samples were excluded, followed by log10

transformation. After quality filtering, a total of 273 metabolic features were retained for
downstream statistical analysis. PCA and PLS-DA were conducted using the R package
“ropls” (Version 1.6.2). Differentially accumulated metabolic features were identified based
on VIP > 1 and p < 0.05, resulting in 84 differential features, including 47 up-regulated and
37 down-regulated features in ‘Aiwo’ compared with ‘Hewang’. Successfully annotated
representative DAMs were further used for compound classification and heatmap visual-
ization. Finally, KEGG pathway (https://www.kegg.jp/kegg/pathway.html, accessed on
10 October 2025) enrichment of DAMs was evaluated using Fisher’s exact test (scipy.stats
package in Python (version 3.9.13)).

2.7. Metabolite Co-Expression Network Analysis

A metabolite co-expression network was constructed based on the Weighted Co-
expression Network Analysis (WGCNA) framework to identify modules of highly corre-
lated metabolites. A signed network was constructed using Pearson correlation coefficients.
The soft-thresholding power was set to 9 to approximate scale-free network topology, and
modules were identified using the dynamic tree cut method with a minimum module
size of 30 and a merge cut height of 0.25. Module membership was evaluated based on
the correlation between each metabolite and the corresponding module eigengene (kME),
and metabolites with kME ≥ 0.30 were considered module members. Two co-expressed
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metabolite modules were generated, including MEturquoise and MEblue, containing 47 and
37 metabolites, respectively. Modules significantly associated with phenotypic traits were
selected for further analysis to explore metabolic networks and the correlations between
phenotypes and hub metabolites. For network visualization, the top 30 highly connected
metabolites within the selected module were analyzed, and edges with correlation weights
greater than 0.02 were retained. The relevant functions were executed using the WGCNA
R package (version 1.72) [21].

2.8. Determination of Key Metabolite Contents and Validation of the Cold Resistance Effect of
Exogenous Putrescine

The extraction and quantification of free amino acids in oat leaves were performed
following the method described by [22], using a high-performance liquid chromatography
(HPLC) system. Glutathione (GSH), a key product of the cysteine–methionine pathway,
was quantified using a microassay kit (Solarbio Science & Technology Co., Ltd., Beijing,
China; Cat. No. BC1175). Putrescine (Put), a downstream product of the arginine–proline
pathway, was measured using a specific enzyme-linked immunosorbent assay (ELISA) kit
(Shanghai Enzyme-Linked Biotechnology Co., Ltd., Shanghai, China).

To evaluate the short-term physiological effect of exogenous putrescine under low-
temperature conditions, a foliar spraying experiment was conducted on the cold-sensitive
oat variety ‘Hewang’. Based on previous exogenous polyamine applications in gramineous
crops such as wheat [23] and our preliminary studies, the putrescine concentration was set
at 1 mM. This treatment was designed as a single-concentration, short-term physiological
test rather than a dose–response experiment. The treatment group received the putrescine
solution, while the control group was treated with distilled water. The applied putrescine
had a purity of ≥98% (Macklin, Shanghai, China). Foliar spraying was performed on
28 December 2024, and the solutions were applied until runoff. Three days post-treatment,
leaf samples were collected from the middle sections of the third to fifth leaves on the
main stem. Each treatment comprised three biological replicates. The harvested samples
were immediately frozen in liquid nitrogen and stored at −80 ◦C. The superoxide anion
(O2

−) and malondialdehyde (MDA) contents were determined using commercial assay kits
(Solarbio Science & Technology Co., Ltd.; O2

−, BC1295; MDA, BC0025).

2.9. Quantitative Real-Time PCR Analysis of Candidate Genes

To provide transcriptional support for the candidate pathways identified by metabolomic
and WGCNA analyses, qRT-PCR was performed for representative genes associated
with arginine–proline metabolism, arginine-derived putrescine biosynthesis, cysteine–
methionine-related glutathione-dependent antioxidant defense, and membrane lipid re-
modeling, including AsADC, AsARG1, AsOAT, AsGPX6, AsGSTU12, and AsFAD2. Total
RNA was extracted from low-temperature-treated leaf samples of ‘Aiwo’ and ‘Hewang’,
with three biological replicates per cultivar. After reverse transcription, qRT-PCR was
performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co., Ltd.,
Nanjing, China; Cat. No. Q711-02) according to the manufacturer’s instructions. Gene-
specific primers were used for amplification, and primer sequences are provided in
Supplementary Table S3. The relative transcript levels were calculated using the 2−∆∆Ct

method, with Actin used as the internal reference gene.

2.10. Statistical Analyses

Statistical analysis was performed using IBM SPSS Statistics 27 (IBM Corp., Armonk,
NY, USA), employing one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison test to evaluate the significance of differences (p < 0.05). Charts were generated
using GraphPad Prism 10.1.2 (GraphPad Software, San Diego, CA, USA) and Adobe

https://doi.org/10.3390/agriculture16131470

https://doi.org/10.3390/agriculture16131470


Agriculture 2026, 16, 1470 7 of 20

Photoshop 2024 (Adobe Systems Inc., San Jose, CA, USA). Bioinformatics analysis was
completed on the Majorbio Cloud Platform (https://www.majorbio.com).

3. Results
3.1. Overwintering Rates and Osmolyte Contents in the Two Oat Varieties

Prior to overwintering, there was no significant difference in SPAD values between
the two varieties. Low temperatures during the overwintering period inhibited chlorophyll
synthesis and accelerated its degradation, leading to a significant decrease in SPAD values.
During the regreening period, the SPAD value of ‘Aiwo’ was significantly higher than that
of ‘Hewang’ (p < 0.001). This is consistent with the higher overwintering survival rate of
‘Aiwo’ (96.9%, p < 0.05), indicating that the cold-resistant variety sustained less chlorophyll
degradation and exhibited a faster recovery. As temperatures rose towards the jointing
stage, SPAD values increased for both varieties, and the significant difference disappeared
(Figure 2a,b).

Figure 2. Comparison of cold-related physiological and biochemical indices between ‘Aiwo’ and
‘Hewang’ oats. (a) Leaf SPAD values at different growth stages. (b) Overwintering survival rates.
(c) Leaf freezing point. (d) Soluble sugar content. (e) Soluble protein content. Values are mean ± SD
of three biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s
test (* p < 0.05; ** p < 0.01; *** p < 0.001).

Overwintering leaves collected on 21 December 2024 were subjected to a −20 ◦C
environment to determine their freezing points. The leaf temperature decline curves
(Figure 2c) showed that ‘Aiwo’ and ‘Hewang’ entered a plateau phase at approximately
−1.9 ◦C and −2.1 ◦C, respectively, suggesting that their freezing points were similar (both
near −2 ◦C). Further analysis of osmotic regulators revealed that the soluble sugar content
in ‘Aiwo’ was significantly lower than that in ‘Hewang’ (p < 0.01) (Figure 2d), whereas its
soluble protein content was significantly higher (p < 0.05) (Figure 2e).

3.2. Fatty Acid Composition and Membrane Stability in Two Oat Varieties

The content of unsaturated fatty acids (including linoleic acid (C18:2n6), oleic acid
(C18:1n9c), etc.) in ‘Aiwo’ was significantly higher than that in ‘Hewang’ (p < 0.001),
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while the content of saturated fatty acids (including stearic acid (C18:0), dodecanoic
acid (C12:0), etc.) in ‘Aiwo’ was significantly lower than that in ‘Hewang’ (p < 0.01)
(Figure 3a). Simultaneously, the levels of total unsaturated fatty acids (TUFA), polyunsatu-
rated fatty acids (PUFA), index of unsaturated fatty acids (IUFA, p < 0.05), double bond
index (DBI, p < 0.05), and fatty acid desaturase (FAD) activity were all higher in ‘Aiwo’
than in ‘Hewang’ (Figure 3b–e), while the relative electrical conductivity (REC) was lower
(p < 0.05) (Figure 3f).

Figure 3. Comparison of fatty acid composition, membrane stability, and related physiological indices
in leaves of two oat cultivars under low-temperature stress. (a) Contents of 10 major fatty acids.
(b) Fatty acid composition (TFA: total fatty acids; TUFA: total unsaturated fatty acids; PUFA: polyun-
saturated fatty acids; SFA: saturated fatty acids; MUFA: monounsaturated fatty acids). (c) Index
of Unsaturated Fatty Acids (IUFA). (d) Double Bond Index (DBI). (e) Fatty acid desaturase (FAD)
activity. (f) Relative electrical conductivity (REC). Values are mean ± SD of three biological replicates.
Statistical significance was assessed by one-way ANOVA with Tukey’s test (* p < 0.05; ** p < 0.01;
*** p < 0.001).

3.3. ATPase Activity, Reactive Oxygen Species Accumulation, and Antioxidant Parameters in Two
Oat Varieties

ATPase histochemical staining results (Figure 4a) revealed that the leaf tissue of ‘Aiwo’
appeared dark brown after staining, whereas the leaf tissue of ‘Hewang’ exhibited lighter
coloration, indicating that ‘Aiwo’ displayed more active ATPase activity. The content of
superoxide anion (O2

−) and the activity of superoxide dismutase (SOD, p < 0.01) were
lower in ‘Aiwo’ than in ‘Hewang’ (Figure 4b,c). Furthermore, the hydrogen peroxide
(H2O2) content and the activities of catalase (CAT, p < 0.001) and ascorbate peroxidase
(APX, p < 0.001) were also lower in ‘Aiwo’ (Figure 4d–f). In contrast, the contents of
malondialdehyde (MDA) and protein carbonyl (PCO) were significantly higher in ‘Aiwo’
than in ‘Hewang’ (p < 0.01) (Figure 4g,h).
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Figure 4. Comparison of ATPase activity, reactive oxygen species accumulation, antioxidant de-
fense system, and oxidative damage in leaves of two oat varieties under low-temperature stress.
(a) Histochemical staining of ATPase (Scale bar = 50 µm). (b) Superoxide anion (O2

−) content.
(c) Superoxide dismutase (SOD) activity. (d) Hydrogen peroxide (H2O2) content. (e) Catalase (CAT)
activity. (f) Ascorbate peroxidase (APX) activity. (g) Malondialdehyde (MDA) content. (h) Protein
carbonyl (PCO) content. Values are mean ± SD of three biological replicates. Statistical significance
was assessed by one-way ANOVA with Tukey’s test (** p < 0.01; *** p < 0.001).

3.4. Metabolic Differences Between the Two Oat Varieties Under Low-Temperature Stress

To investigate the metabolic differences between the two oat varieties under low-
temperature stress, an untargeted metabolomics analysis was conducted. Principal compo-
nent analysis (PCA) revealed that the cold-resistant variety ‘Aiwo’ and the cold-sensitive
variety ‘Hewang’ were distinctly separated along the PC1 axis (PC1 = 42.80%, PC2 = 20.80%,
and PC1 + PC2 = 63.60% of the total variance). All biological replicates clustered within
their 95% confidence intervals, indicating significant differences in the overall metabolic
phenotypes between the two varieties (Figure 5a). The first three principal components
explained 73.80% of the total variance. PLS-DA was further used as a supervised auxiliary
analysis for model evaluation and VIP calculation. The corresponding model validation
statistics, including R2X, R2Y, and Q2 values, are provided in Supplementary Figure S1.
A total of 84 differentially accumulated metabolic features (DAMs) were identified. Com-
pared with the cold-sensitive control ‘Hewang’, 47 DAMs were significantly upregulated
and 37 were downregulated in ‘Aiwo’ (Figure 5b).

KEGG compound classification demonstrated that 14 successfully annotated DAMs
were primarily categorized into carbohydrates (including oligosaccharides and monosac-
charides) and peptides (including amino acids), accounting for 57.1% of the classified
compounds (Figure 5c). By combining variable importance in projection (VIP) values with
differential significance analysis, key metabolic features contributing to the inter-varietal
differences were identified. Notably, stress-related amino acids, such as L-homoserine,
L-proline, and L-cysteine, showed higher relative abundance in ‘Aiwo’ (Figure 5d). Fur-
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thermore, KEGG pathway enrichment and topology analysis indicated that the DAMs
were mainly associated with cysteine and methionine metabolism and arginine and proline
metabolism (Figure 5e). These results indicate that the differentially accumulated metabolic
features were associated with these two metabolic pathways, but do not by themselves
demonstrate pathway-level regulation.

Figure 5. Untargeted metabolomic profiles of the two oat varieties under cold stress. (a) Principal
component analysis (PCA) score plot with 95% confidence ellipses. (b) Volcano plot of differentially
accumulated metabolites (DAMs). Dot size indicates variable importance in projection (VIP) values;
red, blue, and grey denote upregulated, downregulated, and non-significant metabolites, respectively.
(c) KEGG classification of DAMs. (d) Heatmap of relative abundance and VIP values for key DAMs.
Right bar colors indicate −log10 (p-value), with asterisks denoting statistical significance (* p < 0.05,
** p < 0.01, *** p < 0.001). (e) KEGG pathway enrichment and topology analysis of DAMs. Bubble size
indicates impact value; color intensity reflects significance level.

3.5. Analysis of Metabolite Co-Expression Networks and Validation of Key Metabolite Contents

Cluster analysis of the differentially accumulated metabolites (DAMs) was performed
using weighted co-expression network analysis (WGCNA), identifying two co-expressed
metabolite modules (Figure 6a). Heatmap analysis of module-phenotype correlations
(Figure 6b) revealed that the turquoise module (MEturquoise, containing 47 metabolites)
displayed highly significant positive correlations with overwintering rate, soluble protein,
and lipid/protein peroxidation indices; it also displayed significant negative correlations
with soluble sugars and antioxidant enzyme activities including SOD, CAT, and APX. In
contrast, the blue module (MEblue, containing 37 metabolites) exhibited a completely
opposite correlation pattern, showing strong positive correlations with various antioxi-
dant enzymes and soluble sugars. To further explore key regulatory molecules, the top
30 metabolites from each module were selected to construct co-expression network dia-
grams (Figure 6c,d). In the turquoise module, L-proline and L-cysteine were identified
as hub metabolites (red nodes) (Figure 6c). In the blue module, two hub nodes were also
identified that may play key roles in the cold-sensitive variety (Figure 6d).
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Figure 6. Weighted metabolite co-expression network analysis (WGCNA) and targeted validation
of key metabolites. (a) Hierarchical clustering dendrogram and module identification based on
metabolite abundance. The branches represent co-expression similarity among metabolites, and the
color bands indicate the two identified modules. (b) Heatmap of module-phenotype correlations.
Each row corresponds to a module eigengene (ME), and each column represents a phenotypic trait.
The color scale indicates the correlation coefficient (see the color scale bar for correlation direction
and magnitude), with numbers in parentheses denoting the corresponding p-values. (c) Metabolite
co-expression network of the MEturquoise module. Nodes represent metabolites, and edge thickness
indicates the strength of the co-expression correlation. Red nodes indicate hub metabolites selected
based on intra-module connectivity. (d) Metabolite co-expression network of the MEblue module.
Nodes represent metabolites, and edge thickness indicates the strength of the co-expression corre-
lation. Red nodes indicate hub metabolites selected based on intra-module connectivity. (e) Free
amino acid content. (f) Glutathione (GSH) content. (g) Putrescine (Put) content. For (e–g), values are
mean ± SD of three biological replicates. Statistical significance was assessed by one-way ANOVA
with Tukey’s test (* p < 0.05; ** p < 0.01; *** p < 0.001).

The hub metabolites L-proline and L-cysteine identified via WGCNA were primarily
enriched in the arginine–proline and cysteine–methionine metabolic pathways, respectively.
Accordingly, the contents of key metabolites and their derivatives within these pathways
were further determined. The ‘Aiwo’ variety exhibited the highest proline content, with
a highly significant difference (p < 0.001), and the levels of other free amino acids were
consistently higher in ‘Aiwo’ (Figure 6e). Given that L-cysteine is an important precursor
for glutathione (GSH) synthesis, and that both L-proline and putrescine (Put) originate
from arginine metabolism, GSH and Put contents were subsequently quantified. GSH and
Put levels were also significantly higher in ‘Aiwo’ (p < 0.05) (Figure 6f,g). These results
supported the metabolite-level relevance of the arginine–proline and cysteine–methionine
pathways in the two contrasting oat cultivars.
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3.6. Physiological Effects of Exogenous Putrescine and qRT-PCR Analysis of Candidate Genes

To further evaluate the potential physiological role of putrescine in the cold-stress
response, exogenous Put was applied to the cold-sensitive cultivar ‘Hewang’. Compared
with the control, Put treatment showed a decreasing trend in superoxide anion (O2

−)
accumulation (Figure 7a) and significantly reduced malondialdehyde (MDA) content
(p < 0.01; Figure 7b). These results suggest that exogenous Put may contribute to allevi-
ating short-term oxidative stress and membrane lipid peroxidation damage in the cold-
sensitive cultivar.

Figure 7. Physiological effects of exogenous putrescine application and transcriptional analysis of
representative genes associated with cold tolerance. (a) Superoxide anion (O2

−) content and (b) mal-
ondialdehyde (MDA) content in the cold-sensitive cultivar ‘Hewang’ following exogenous putrescine
application under cold stress. (c–e) Relative transcript levels of genes associated with arginine–proline
metabolism and related arginine-derived putrescine biosynthesis: AsADC, AsARG1, and AsOAT.
(f–h) Relative transcript levels of genes associated with glutathione-dependent antioxidant defense
and membrane lipid remodeling: AsGPX6, AsGSTU12, and AsFAD2. For (a,b), values are mean ± SD
of three biological replicates for control and Put-treated samples. For (c–h), values are mean ± SD
of three biological replicates for ‘Aiwo’ and ‘Hewang’ under cold stress. Statistical significance was
assessed by one-way ANOVA with Tukey’s test (* p < 0.05; ** p < 0.01; **** p < 0.0001).
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To further examine whether the candidate pathways identified by metabolomic and
WGCNA analyses were transcriptionally responsive to cold stress, the relative expression
levels of representative genes were analyzed by qRT-PCR. For arginine–proline metabolism
and related arginine-derived putrescine biosynthesis, AsADC expression was significantly
higher in ‘Aiwo’ than in ‘Hewang’ (p < 0.01; Figure 7c), whereas AsARG1 and AsOAT
showed higher but non-significant trends in ‘Aiwo’ (Figure 7d,e). For cysteine–methionine-
related glutathione-dependent antioxidant defense and membrane lipid remodeling, As-
GPX6 (p < 0.05), AsGSTU12 (p < 0.0001), and AsFAD2 (p < 0.01) were significantly more
highly expressed in ‘Aiwo’ than in ‘Hewang’ (Figure 7f–h). Together, these gene expres-
sion patterns provide transcriptional support for the involvement of arginine–proline
metabolism, arginine-derived putrescine biosynthesis, cysteine-related glutathione antioxi-
dant responses, and membrane lipid remodeling in the contrasting cold responses of the
two oat cultivars.

4. Discussion
4.1. The Cold-Resistant Oat Cultivar Exhibits Enhanced Cold Resistance by Accumulating
Soluble Protein

Under low-temperature stress, the freezing of cell sap into ice crystals can cause severe
damage to organelles. To counteract this, plants generally employ two strategies: freezing
avoidance (lowering the freezing point) and freezing tolerance (mitigating damage after
ice formation) [24]. Traditionally, plants accumulate osmotic regulators, such as soluble
sugars, to increase the concentration of the cell sap, thereby inhibiting ice formation and
lowering the freezing point [25]. Soluble sugars serve as primary osmotic regulators,
and their content is frequently used as an indicator of freezing avoidance. However,
the relationship between soluble sugar accumulation and cold resistance is not always
linear or universally positive, and may vary depending on species, genotype, tissue type,
stress duration, and sampling stage. While cold-resistant varieties typically accumulate
higher levels of osmotic regulators [26], this correlation is highly species-dependent. For
instance, in Arabidopsis [27,28] and apple rootstocks [29], no consistent positive correlation
was found between soluble sugar accumulation and cold resistance; in certain cases, a
negative correlation was even observed. Consistent with these findings, our study revealed
that the cold-resistant variety ‘Aiwo’ exhibited a lower soluble sugar content. This result
suggests that, in the two oat cultivars examined and at the sampling stage used in this study,
soluble sugar accumulation was not the dominant physiological feature associated with
the superior overwintering performance of ‘Aiwo’. Instead, we propose that its enhanced
cold resistance might be associated with freezing tolerance, potentially facilitated by the
significantly higher accumulation of soluble proteins [30].

The freezing points of the two oat varieties are similar (approximately −2 ◦C). During
the overwintering period, the frequent alternation between sub-zero nighttime and warmer
daytime temperatures subjected the oats to multiple freeze–thaw cycles. These cycles induce
intracellular ice crystal formation, causing the mechanical rupture of cell membranes and
subsequent protoplasmic dehydration upon thawing [13]. Furthermore, repeated freeze–
thaw stress disrupts protein spatial structures, altering the conformation of enzyme active
sites and impairing their catalytic functions [31]. Soluble proteins mitigate this stress by
inhibiting the ordered growth of ice crystals and modifying their morphology, thereby
reducing mechanical injury to membranes and organelles [32]. Additionally, under low-
temperature stress, soluble proteins can bind to functional enzymes, enhancing their
structural stability and preventing cold-induced conformational changes [33]. In this study,
the cold-resistant variety ‘Aiwo’ exhibited a significantly higher soluble protein content.
Therefore, we speculate that this enhanced accumulation of soluble proteins might play a
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positive role in the freezing tolerance mechanism, potentially contributing to its superior
cold resistance.

4.2. The Cold-Resistant Oat Cultivar Exhibits Enhanced Cold Resistance by Reducing O2
−

Accumulation and Increasing Unsaturated Fatty Acid Content

The cell membrane is the primary site of cold damage. Low temperatures increase
the intermolecular forces between phospholipids in the cell membrane, inhibiting their
movement and reducing membrane fluidity. This leads to gaps in the lipid bilayer, increases
membrane permeability, and triggers electrolyte leakage, manifested as an increase in
relative electrical conductivity (REC) [34]. Therefore, REC is a reliable indicator for assessing
plant cold resistance [35]. A higher REC value indicates greater cell membrane damage and
weaker cold resistance. To counteract cold damage, plants maintain cell membrane fluidity
at low temperatures by increasing the content of unsaturated fatty acids, such as alpha-
linolenic acid and linoleic acid, in the cell membrane [36]. This response is consistent with
the general concept of cold-induced membrane lipid remodeling, in which increased fatty
acid unsaturation helps maintain membrane fluidity and stability under low-temperature
conditions [37]. Studies in cereals have also shown that cold acclimation and freezing
tolerance are closely associated with changes in plasma membrane lipid composition
and fatty acid unsaturation, including classic observations in oat and rye and lipidomic
evidence from barley and maize [38,39]. In this experiment, the cold-resistant variety
‘Aiwo’ exhibited higher fatty acid desaturase (FAD) activity, introducing more double
bonds to increase fatty acid unsaturation and the double bond index, thereby enhancing
membrane fluidity.

Low temperatures cause damage to the mitochondrial electron transport chain, lead-
ing to electron leakage and the formation of superoxide anions (O2

−) through their reaction
with oxygen molecules. O2

− possesses strong oxidizing properties that can damage cell
membranes and organelles, resulting in cellular dysfunction or even cell death [40]; simulta-
neously, it inhibits mitochondrial ATP synthase activity, reducing ATP synthesis [41]. Plants
possess a comprehensive antioxidant enzyme system to scavenge excess ROS [42], thereby
reducing cellular damage. Superoxide dismutase (SOD) serves as the first line of defense
against O2

−, converting harmful O2
− into oxygen (O2) and hydrogen peroxide (H2O2) [43].

Since H2O2 is highly reactive, it must be further reduced to water by enzymes such as
catalase (CAT) and ascorbate peroxidase (APX) [44]. Typically, cold-resistant varieties
exhibit higher antioxidant enzyme activity but Mittler et al. [45] proposed the concept of a
plant ROS gene network, suggesting that a delicate dynamic balance exists between ROS
production and scavenging, rather than simply the activity levels of individual systems. If
the ROS production rate itself is low, enzyme activity need not be upregulated to maintain
redox homeostasis. In this study, cold-resistant cultivars exhibited lower O2

− levels, and
their antioxidant enzyme activities were correspondingly lower, which is consistent with
the dynamic balance between ROS production and scavenging. Lower O2

− accumulation
mitigated mitochondrial oxidative damage, allowing the mitochondria to maintain higher
ATPase activity, thereby sustaining stable ATP synthesis and energy supply.

Some unneutralized ROS react with intracellular polyunsaturated fatty acids to form
malondialdehyde (MDA) [46]. MDA can react with components such as proteins and DNA,
causing damage to enzymes and plasma membranes and disrupting the barrier function
of cell membranes [47]. Consequently, MDA is frequently used as a key indicator for
assessing the extent of damage caused by plant stress [48]. We acknowledge the apparent
paradox wherein the cold-resistant variety ‘Aiwo’ exhibits higher MDA content despite
displaying less severe membrane damage (lower REC). Our GC-MS lipid profiling provides
a possible biochemical explanation for this phenomenon: compared with the cold-sensitive
cultivar ‘Hewang’, ‘Aiwo’ showed a relatively higher degree of fatty acid unsaturation,
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as reflected by significantly higher IUFA and DBI values, together with increased linoleic
acid (C18:2n6) content. Chemically, MDA is derived from the oxidation of PUFA [49], and
its absolute generation may be highly dependent on substrate availability [50]. Therefore,
we hypothesize that the higher baseline concentration of PUFA substrates in ‘Aiwo’ may
inherently provide more targets for peroxidation, potentially leading to a greater absolute
yield of MDA, even under controlled ROS levels. It should be noted that this interpretation
is based on correlative GC-MS data and established biochemical theory, and strict chemical
verification remains to be performed in future studies.

Furthermore, we propose that this elevated MDA level does not necessarily translate
to critical membrane failure. Previous studies have shown that fatty acid desaturases are
involved in regulating fatty acid unsaturation and membrane fluidity and are associated
with plant responses to low-temperature stress [51,52]. Supported by elevated fatty acid
desaturase (FAD)-related activity, ‘Aiwo’ may possess a stronger compensatory capacity to
replenish its unsaturated fatty acids. This active lipid remodeling process could allow the
cells to retain a sufficient proportion of functional PUFA to preserve membrane fluidity and
structural integrity, ultimately keeping electrolyte leakage low [37]. Other unneutralized
ROS react with proteins to form protein carbonyl (PCO), and the accumulation of PCO
in cells leads to apoptosis [53]. Therefore, PCO is considered an important biomarker
reflecting the level of protein oxidative damage [54]. Similarly, the higher PCO content in
‘Aiwo’ may be partially attributable to its highly enriched soluble protein pool providing
abundant substrates for oxidation, rather than solely indicating failing antioxidant defenses.
Consequently, relying solely on absolute MDA and PCO concentrations to evaluate cold
resistance may be misleading, as their levels appear to be influenced by the baseline
concentrations of their respective substrates.

In summary, antioxidant enzyme activities (e.g., SOD and CAT) and oxidative damage
markers (MDA and PCO) remain important indicators for assessing plant responses to
cold stress. However, their interpretation may be influenced by multiple factors, including
baseline substrate availability and ROS production rates. Therefore, these indices are best
evaluated together with other physiological parameters and direct ROS measurements.
This is consistent with the broader view that crop performance under environmental
constraints often depends on coordinated physiological adjustment rather than a single
response factor [55]. As an early product of ROS generation, O2

− accumulation may provide
additional information regarding oxidative stress responses [56]. In the two oat cultivars
examined in this study, O2

− levels showed a response pattern that appeared to be associated
with the contrasting cold-tolerance phenotypes of the two cultivars. Nevertheless, further
validation using a broader range of oat germplasms is required before general conclusions
can be drawn.

4.3. Metabolic Traits Associated with Cysteine–Methionine and Arginine–Proline Metabolism in
Two Oat Varieties

Under cold stress, the maintenance of cellular homeostasis depends on coordinated
metabolic and biochemical adjustments rather than changes in a single metabolite or
pathway. In this study, the WGCNA co-expression network suggested that L-cysteine and
L-proline were hub metabolites associated with the cysteine–methionine and arginine–
proline metabolic pathways, respectively. The higher accumulation of proline, GSH, and
Put in ‘Aiwo’ further supported the metabolite-level relevance of these pathways in the
two contrasting oat cultivars.

Cysteine and methionine metabolism plays a crucial role in maintaining cellular
redox homeostasis and responding to environmental stress. Cysteine is a key substrate
for glutathione (GSH) synthesis, and its concentration can influence the cellular capacity
for ROS scavenging [57]. As an important non-enzymatic antioxidant, GSH can directly
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scavenge ROS or act as a substrate for glutathione peroxidase (GPX) to reduce H2O2,
thereby alleviating oxidative damage caused by low-temperature stress [58]. In this study,
untargeted metabolomic analysis showed that L-cysteine was relatively more abundant in
the cold-resistant cultivar ‘Aiwo’, and targeted physiological measurement further showed
that GSH content was higher in ‘Aiwo’ than in the cold-sensitive cultivar ‘Hewang’. In
addition, AsGPX6 and AsGSTU12 were significantly more highly expressed in ‘Aiwo’,
providing transcriptional evidence that glutathione-dependent antioxidant processes may
be more active in this cultivar under cold stress. These results suggest that the cysteine–
methionine-related glutathione-dependent antioxidant response may contribute to the
oxidative stress response of ‘Aiwo’, although further functional validation is still required.

Arginine–proline metabolism is an important pathway involved in plant responses to
low-temperature stress. In this pathway, arginine can serve as an upstream metabolic node,
contributing to proline accumulation through the ornithine pathway and to putrescine
production through polyamine metabolism. Proline participates in the low-temperature
stress response through mechanisms such as maintaining cellular osmotic balance, stabi-
lizing the native conformation of proteins, and protecting the structural integrity of cell
membranes. As a key component of polyamine metabolism, putrescine has also been re-
ported to alleviate oxidative damage caused by abiotic stress [59]. In the present study, the
arginine–proline pathway was enriched among DAMs associated with the cold-resistant
cultivar ‘Aiwo’, and both proline and putrescine levels were higher than in ‘Hewang’. The
significantly higher expression of AsADC in ‘Aiwo’ provided transcriptional support for
related arginine-derived putrescine biosynthesis, while the increasing trends of AsARG1
and AsOAT were generally consistent with the involvement of arginine–proline metabolism
under cold stress. Moreover, exogenous putrescine application reduced MDA content and
tended to decrease O2

− accumulation in the cold-sensitive cultivar, supporting a protective
physiological role of Put in alleviating cold-induced oxidative damage. Because this experi-
ment evaluated short-term oxidative damage indicators rather than survival, regrowth, or
long-term freezing tolerance, these results indicate mitigation of oxidative injury but do not
directly demonstrate enhanced cold resistance. It should be noted that this exogenous pu-
trescine application was conducted as a short-term physiological validation, and its broader
agronomic implications under prolonged field conditions remain to be investigated.

Previous studies have shown that both the cysteine–methionine and arginine–proline
metabolic pathways undergo significant changes during low-temperature stress in wheat,
thereby contributing to stress adaptation [60]. Consistent with these findings, the present
study combined metabolite accumulation, exogenous Put treatment, and qRT-PCR analysis
of representative genes to provide complementary evidence supporting the involvement of
these pathways in the contrasting cold responses of the two oat cultivars. Similar genotype-
dependent biological responses have also been reported in other stress-adaptation studies,
where distinct mechanisms contributed to differential environmental resilience among
genotypes [61].

It should be noted that the present study was conducted using two oat cultivars with
contrasting overwintering phenotypes, and the observed physiological and metabolic differ-
ences mainly reflect the responses of these specific materials. Therefore, these findings may
not fully represent universal cold-resistance mechanisms across diverse oat germplasms. Al-
though qRT-PCR provided preliminary transcriptional support for the candidate pathways,
further validation using a broader panel of oat cultivars, multi-year and multi-environment
trials, and targeted functional experiments is still needed. Nevertheless, the candidate phys-
iological and metabolic indicators identified in this study, including proline, putrescine,
GSH, and associated metabolic responses, may provide useful references for the screening
and evaluation of cold-resistant oat germplasm.
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5. Conclusions
The cold-resistant oat cultivar ‘Aiwo’ exhibited a significantly higher overwintering

rate following autumn sowing in central China. Under low-temperature stress, ‘Aiwo’
showed enrichment of the arginine–proline and cysteine–methionine pathways, which
was accompanied by higher accumulation of soluble protein, proline, putrescine, and
glutathione. These metabolic changes were associated with maintained ATPase activity,
lower superoxide anion accumulation, increased fatty acid unsaturation in membrane
lipids, and improved membrane stability. Collectively, these physiological and metabolic
adaptations may contribute to the improved overwintering performance of ‘Aiwo’ under
low-temperature field conditions. Proline, putrescine, and glutathione were consistently
associated with the cold-resistant phenotype and may represent promising candidate
indicators for future screening of cold-tolerant oat germplasm.
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