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Abstract
Cold stress represents one of the most severe environmental factors limiting plant productivity, primarily through its detrimental effects on photosynthetic capacity and the balance of reactive oxygen species. To elucidate the mechanisms by which antioxidant defense systems contribute to cold tolerance, we investigated physiological and transcriptional responses in spinach (Spinacia oleracea) leaves subjected to 4 °C for periods ranging from 3 h to 72 h. Measurements of enzyme activities revealed that superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) were rapidly activated during the initial stages of chilling, coinciding with a transient but significant accumulation of hydrogen peroxide. Transcriptome analysis further showed that SOD1, APX2, and CAT3 transcripts increased dramatically within the first 6 h, suggesting a tight transcriptional regulation of enzymatic defense pathways. Prolonged cold exposure, however, resulted in a progressive decline in CAT activity, excessive ROS accumulation, and a marked reduction in photosystem II efficiency, indicating oxidative damage to chloroplast membranes. Interestingly, pretreatment with exogenous ascorbate enhanced CAT and APX activities, suppressed lipid peroxidation, and preserved chlorophyll fluorescence, implying that the ascorbate–glutathione cycle plays a central role in redox homeostasis. Collectively, these findings provide strong evidence that the dynamic coordination between antioxidant enzyme activities and their transcriptional regulation is crucial for maintaining cellular redox balance, thereby protecting photosynthetic tissues from cold-induced oxidative stress and sustaining metabolic stability under low-temperature environments.

