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Abstract


Cucumis sativus L. is a globally important vegetable crop that occupies a significant position in protected agriculture due to its high nutritional value, short cultivation cycle, and considerable economic benefits. As a cold-sensitive plant, however, cucumber is highly susceptible to low-temperature stress. which can severely inhibit growth and development, hinder seed germination, and reduce photosynthetic efficiency. Under low-temperature stress, cucumber plants typically incur damage to cellular membrane structures, experience an accumulation of reactive oxygen species (ROS), exhibit a disruption in hormonal homeostasis, and suffer from the inhibition of pivotal metabolic pathways. In response, cucumber plants activate an array of resistance mechanisms, encompassing osmotic adjustment, reinforcement of the antioxidant system, and modulation of cold-responsive gene expression. This review summarizes the physiological and molecular mechanisms underlying cucumber’s response to low-temperature stress, aiming to provide effective strategies for improving abiotic stress resistance. The main findings are as follows: (1) Low-temperature stress damages cucumber cell membranes, suppresses photosynthesis and respiration, suppresses water and nutrient uptake/transport, and suppresses growth retardation. (2) Cucumber counters these adverse effects by orchestrating the accumulation of osmoregulators (e.g., soluble sugars, proline), activating activation defenses (e.g., SOD, CAT), and rebalancing its phytohormone network (e.g., ABA, GA, SA, ethylene). (3) At the molecular level, cucumber activates low-temperature-responsive genes (e.g., COR, GoIS) through transcription factors such as CBF, MYB, and WRKY, thereby enhancing cold tolerance. (4) Application of exogenous protectants (e.g., hydrogen sulfide, melatonin, oligosaccharides) significantly improves cucumber’s low-temperature tolerance by modulating the antioxidant system, promoting osmoregulatory substances accumulation, and regulating hormone signaling pathways. Future research should focus on elucidating the molecular regulatory network in cucumber under low-temperature stress and developing gene editing with multi-omics techniques to advance the development of cold-resistant cultivars and cultivation practices. This study offers a scientific foundation for research on cucumber cold tolerance and proposes potential solutions to agricultural challenges in the context of global climate change.
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1. Introduction


Cucumis sativus L. (cucumber) is an agriculturally significant crop, valued for its substantial nutritional benefits, diverse applications, and high economic return. It ranks among the most widely cultivated vegetable crops globally and is the highest-yielding vegetable in the protected agriculture system of China [1]. According to 2022 statistics, the global cultivation area of cucumber reached 210,000 hectares, with China accounting for 60.3% of the total cultivated area and 81.6% of global production [2]. As a cold-sensitive plant, cucumber growth and development are highly influenced by temperature [3], with an optimal range of 25 °C during the day and 15 °C at night [4]. During protected cultivation in winter and spring, cucumber plants frequently experience low-temperature stress, which restricts growth and substantially reduces yield and quality [5]. This stress not only limits the geographical distribution of cucumber but also adversely affects seed germination, vegetative growth, and reproductive development, thereby constraining agricultural productivity and sustainability [6,7,8].



Low-temperature stress is a significant abiotic challenge in agriculture. Under the current trajectory of climate change, extreme low-temperature events are posing an escalating threat to crop growth and performance [9]. For instance, in a study on frost effects in apricot flowers, Gao et al. reported that exposure to temperatures between −7 °C and −8 °C caused discoloration to yellowish-brown or black. After temperatures rose, the petals abscised, and the pistils and stamens became desiccated and deformed [10]. At the physiological level, low-temperature stress compromises plant cell membrane integrity, inhibits photosynthesis and respiration, and disrupts water and nutrient uptake and transport, ultimately resulting in yield loss or crop failure [7]. As a cold-sensitive crop, cucumber shows marked sensitivity to low-temperature stress, which has become a key constraint on achieving high yield and quality [11,12,13]. Therefore, a deeper understanding of the physiological and molecular mechanisms underlying cucumber’s response to low temperature is essential for enhancing its chilling and freezing tolerance. Recent progress in molecular biology and genomics has greatly advanced our knowledge of how cucumber responds to low-temperature stress. Studies indicate that cucumber employs sophisticated physiological and molecular strategies to adapt. For instance, low-temperature stress induces the accumulation of reactive oxygen species (ROS), which in turn activates antioxidant systems to alleviate oxidative damage. Plant hormones such as abscisic acid (ABA) and gibberellins (GA) also play critical roles in modulating the response. At the molecular level, cucumber improves cold tolerance by regulating transcription factors (e.g., CBF, MYB, and WRKY), thereby activating cold-responsive genes. Beyond intrinsic mechanisms, the application of exogenous protectants has emerged as a promising approach to enhance cold tolerance. Compounds such as hydrogen sulfide (H2S), melatonin (Mel), and chitosan (CTS) have been shown to significantly improve tolerance by regulating antioxidant activity, promoting the accumulation of osmoregulatory substances, and modulating hormone signaling pathways [9]. These insights provide a critical theoretical and practical foundation for breeding and cultivating cold-resistant cucumber.



This review summarizes the impact of low-temperature stress on cucumber growth and development, delineates the cellular, physiological, and molecular responses, and discusses the use of exogenous protectants to enhance cold tolerance. By synthesizing recent research advances, this article aims to offer a scientific reference and theoretical basis for mitigating low-temperature stress in cucumber and to support the development of cold-resistant breeding and cultivation techniques. With continued progress in gene editing and molecular marker technologies, new breakthroughs are anticipated in cucumber cold tolerance research, offering viable strategies to address agricultural challenges under global climate change.




2. Effects of Low Temperature on Cucumber Growth and Development


2.1. Effects of Low Temperature on Cucumber Seed Germination


The seed germination stage is one of the most temperature-sensitive phases in plant growth and development [14]. Cucumber seeds are particularly sensitive to low temperature when the radicle emerges 24 h after imbibition. Prolonged exposure (>96 h) to 2.5 °C causes irreversible damage, with germination time positively correlated with low-temperature sensitivity [15]. Successful germination not only determines seedling establishment but also influences subsequent resistance to biotic and abiotic stresses [16]. Starch stored in the endosperm serves as the primary energy source for seed germination and early seedling growth, and its degradation depends on enzymes such as α-amylase, β-amylase, debranching enzyme, and α-glucosidase [17]. As a form of abiotic stress, low temperature negatively affects these enzymatic activities, thereby disrupting the germination process [18]. Additionally, it perturbs normal metabolism in hypocotyl cells, leading to the accumulation of ROS and hydrogen peroxide (H2O2). This oxidative burst damages cellular structure and function, impairs physiological and biochemical processes, and ultimately inhibits seed germination [19]. For instance, in maize, seed development is impaired at 15 °C and completely halted below 10 °C. In a related study on tomato, Zhang et al. reported that low expression of the SISTAT gene reduces seed germination rate and quality under low-temperature conditions [20].




2.2. Effects of Low Temperature on Cucumber Vegetative Growth


As a thermophilic and cold-intolerant crop, cucumber requires relatively high temperatures for optimal growth, typically 20–32 °C during the day and 15–18 °C at night. Suboptimal temperatures can cause significant physiological damage [21]. Low-temperature stress impairs vegetative growth by reducing growth rate, damaging cellular membrane systems, inhibiting photosynthesis and respiration, and inducing physiological drought through disrupted water metabolism. Amin et al. observed that low-temperature stress decreases fresh and dry weights of cucumber shoots and roots while also significantly impairing photosynthetic efficiency, PSII (Photosystem II, a multi-subunit pigment-protein complex embedded in the thylakoid membranes of oxygenic photosynthetic organisms, is a core component of the light-dependent reactions in photosynthesis) activity, and the antioxidant defense system [22]. Low temperature also reduces root growth rates and alters root architecture [23]. Sun et al. compared gene expression in cucumber roots under room temperature and low temperature and identified 1136 differentially expressed genes (DEGs), including 761 upregulated and 375 downregulated. These changes suppress cell division and elongation, leading to abnormal root development [24]. Furthermore, Takeuchi et al. reported leaf damage along with inhibited performance and efficiency of the photosynthetic system under low-temperature stress [25,26]. In a study on tomatoes, SAYED et al. combined grafting with application of Streptomyces griseus to enhance cold resistance, observing significant improvements in growth rate, total yield, fruit quality, and mineral content [27]. Collectively, these studies highlight that low temperature significantly reduces photosynthetic efficiency and PSII activity in plants [28].



Under low-temperature stress, cultivated cucumbers generally exhibit slow growth, leaf chlorosis, and poor root development. This is primarily due to the disruption of membrane fluidity, which leads to electrolyte leakage and metabolic dysfunction. Photosynthetic efficiency declines markedly, and suppressed PSII activity further restricts growth. In contrast, wild cucumber accessions show stronger adaptive capacity. Wild types maintain membrane integrity by increasing the content of unsaturated fatty acids, thereby minimizing electrolyte leakage. Their photosynthetic systems remain more active under low temperatures, with less inhibition of PSII, helping to sustain photosynthetic efficiency.




2.3. Effects of Low Temperature on Cucumber Reproductive Growth


Although low-temperature stress generally inhibits reproductive development, Wang et al. found that moderate low temperature promotes female flower differentiation, directly influencing fruit yield. Their study identified 1654 DEGs under low temperature, including 1147 upregulated and 507 downregulated genes, which collectively promote female flower formation [29]. Additionally, low-temperature stress affects fruit development. Using a low-temperature-induced parthenocarpic cucumber line (LT-P), Meng et al. demonstrated that fruit development was significantly suppressed under low-temperature stress [30]. In a study on date palm, SLAVKOVIĆ et al. observed a significant reduction in pollen germination rate and suppression of normal fruit development under controlled low-temperature conditions [31].




2.4. Cellular Responses of Cucumber to Low-Temperature Stress


Plants have evolved sophisticated physiological mechanisms at the cellular level to cope with abiotic stresses, enabling adaptation to fluctuating environmental conditions [32,33]. To mitigate low-temperature stress, plants synthesize protective compounds that help maintain cellular stability and metabolic balance [34]. However, such stress can induce cellular dehydration, membrane damage, and morphological alterations. Specifically, it reduces membrane fluidity and increases permeability, resulting in metabolic disorders, decreased enzyme activity, and diminished cold tolerance [35]. Among organelles, chloroplasts are the most sensitive to low temperature, while nuclei and mitochondria are relatively less affected [36]. Xia et al. constructed the first cucumber chloroplast pan-genome using 121 accessions and found that the chloroplast matK gene (involved in RNA editing and potentially stress response) is significantly upregulated under low-temperature stress. This suggests that cucumber chloroplasts adapt to low temperature by modulating lipid and ribosomal metabolism. RNA editing analysis further revealed reduced editing efficiency of certain photosynthetic genes in chloroplasts under low temperature, which further compromises photosynthetic function [37]. Under combined low-temperature and high-light stress, plants respond through chloroplast degradation, decreased activities of antioxidant enzymes (POD, SOD, CAT, APX), and increased accumulation of soluble sugars and proteins [38].





3. Physiological Responses of Cucumber to Low-Temperature Stress


3.1. Osmoregulatory Substances


Osmotic adjustment is a key physiological mechanism enabling plants to cope with abiotic stress. It involves the accumulation of organic and inorganic solutes (Figure 1), which lowers the intracellular osmotic potential. This increase in solute concentration helps maintain cell turgor and protects cellular structure and function under stress conditions [39].



Under low-temperature stress, plants accumulate soluble sugars [40], soluble proteins [41], proline [42], and inorganic ions to mitigate chilling injury and enhance cold tolerance. Feng et al. analyzed the response of cucumber vacuolar invertase (VI) to low-temperature stress and found that CsVI1 protein hydrolyzes sucrose into hexoses, thereby improving tolerance [43]. Introducing the low-temperature-induced transcriptional regulator ICE1 into cucumber produced transgenic plants with enhanced cold tolerance, dwarfism, shortened internodes, a higher first female flower node, and a lower female flower ratio compared to wild-type plants. This demonstrates that ICE1 induces the expression of cold-responsive genes, promoting the accumulation of soluble sugars and free proline while inhibiting malondialdehyde (MDA) accumulation [44]. Zhang et al. reported that calcium ions (Ca2+) participate in nitric oxide (NO)-induced cucumber responses to low-temperature stress, regulating leaf gas exchange, PSII activity, and the expression of chlorophyll synthesis-related genes [45]. While cultivated cucumbers accumulate osmoregulatory substances (e.g., proline, soluble sugars, proteins) under low-temperature stress, the levels are usually insufficient to fully counteract osmotic stress. In contrast, wild cucumbers accumulate higher amounts of these compounds, effectively reducing intracellular osmotic potential and maintaining turgor and metabolic balance. For example, wild types accumulate large amounts of raffinose family oligosaccharides (RFOs) and proline to enhance cold hardiness.




3.2. Antioxidant System


Low-temperature stress induces overproduction and accumulation of ROS, such as O2−, OH, H2O2, and 1O2, leading to oxidative damage [46]. For instance, low temperature disrupts the photosynthetic electron transport chain in chloroplasts, transferring excess energy to O2 and generating ROS (Figure 2). The plant antioxidant system, which protects against ROS toxicity, comprises enzymatic components (e.g., SOD, POD, CAT, APX, GR, and MDHAR) and non-enzymatic components (e.g., ASA, GSH, phenolics, alkaloids, non-protein amino acids, and α-tocopherol) [47]. Lee et al. studied changes in antioxidant enzyme changes in cucumber leaves under low-temperature stress and observed increased activities of SOD, APX, and GR; decreased CAT activity; and a context-dependent enhancement of POD activity. This suggests that elevated activity of SOD, APX, and GR isoenzymes may promote low-temperature tolerance [48]. In pepper (Capsicum annuum L.) exposed to low temperature (8 °C), nitrosative and oxidative stress were initially induced, marked by protein tyrosine nitration and lipid peroxidation after 24 h. However, the plants transitioned to a cold-adapted state over the next two days, facilitated by a coordinated response involving the non-enzymatic antioxidants ascorbate and glutathione, NADPH-generating dehydrogenases, and the enzymatic antioxidant system, which collectively reestablished redox homeostasis [49]. Additionally, barium (Ba) treatment enhances the activities of CAT, APX, and GPX [50], while melatonin (MT) significantly upregulates the expression of CsCAT, CsAPX, CsMDHAR, CsDHAR, and CsGR, reducing oxidative damage under low-temperature stress [51]. Under low-temperature stress, cultivated cucumbers accumulate excessive ROS, causing oxidative damage. Although they activate antioxidant enzymes (e.g., SOD, CAT, APX) to scavenge ROS, their antioxidant capacity is generally weak and insufficient to fully mitigate oxidative injury. Wild cucumbers exhibit a stronger antioxidant capacity, rapidly activating enzymatic systems and accumulating higher levels of non-enzymatic antioxidants (e.g., ascorbate, glutathione) to enhance ROS clearance.




3.3. Plant Hormones


Plant hormones play vital roles in low-temperature stress responses (Figure 3). Low-temperature stress promotes biosynthesis of hormones such as ABA, salicylic acid (SA), strigolactones (SLs), brassinosteroids (BRs), ethylene (ETH), and jasmonic acid (JA), activating signaling pathways for adaptation [52]. ABA induces seed dormancy, while GA promotes seed germination [53]. Salah et al. measured hormone levels in cold-tolerant (CT90R) and cold-sensitive (CT57S) cucumbers under low-temperature stress. CT90R plants had significantly higher ABA, BR, dihydrozeatin (DZ), and inositol phosphate (IP) content than CT57S, indicating that elevated hormone levels enhance low-temperature resistance [54]. ABA enhances plant low-temperature tolerance [55]; studies show low temperature increases ABA content in cucumber roots and leaves, positively correlating with cultivar cold hardiness [56]. It was demonstrated that exogenous SA application activates the biosynthesis of ABA and H2O2 in grafted cucumber seedlings, thereby enhancing chilling tolerance [57]. Zhang et al. investigated the roles of H2O2 and IAA in H2S-induced cold tolerance and found that low temperature or exogenous H2S promotes IAA synthesis, which triggers H2O2 accumulation and enhances cold tolerance. They proposed that H2O2 acts as a downstream signal of IAA in H2S-mediated low-temperature stress responses [58]. Shen et al. demonstrated that polyamines (PAs) enhance cold tolerance by inhibiting NADPH oxidase activation and ROS generation [59]. Anwar found that 24-epibrassinolide (24-EBL) improves low-temperature tolerance by modulating endogenous hormone levels, enhancing antioxidant capacity and photosynthetic efficiency. The expression of the GA degradation gene CsGA2ox3 was upregulated, while that of GA biosynthesis genes (CsGA20ox1, CsGA3ox1) was downregulated, leading to a decreased GA/ABA ratio and consequently inhibiting cucumber seed germination [60]. These differentially expressed genes (DEGs) were associated with ethylene and auxin signal transduction pathways, as well as glucose and cysteine/methionine metabolism. Investigating genome-wide methylation changes under low temperature, Lai et al. observed upregulation of the ethylene biosynthesis gene ACO3 and downregulation of the ethylene-responsive transcription factor RAP2.4 (AP2/ERF family). This finding provides a basis for explaining low-temperature-induced female flower differentiation in cucumber [61]. Furthermore, exogenous auxin promoted parthenocarpy, whereas exogenous ethylene suppressed it. Based on these results, the authors proposed that auxin positively regulates parthenocarpic fruit development, while ethylene exerts a negative regulatory effect [30]. Cultivated cucumbers often exhibit disrupted hormone metabolism under low-temperature stress. For example, low temperature inhibits GA synthesis and promotes ABA accumulation, reducing the GA/ABA ratio and suppressing growth [62]. Wild cucumbers better maintain hormone balance, upregulating ethylene and auxin synthesis to promote female flower differentiation and fruit development under low temperature. They also enhance cold tolerance by modulating PA metabolism. Under low-temperature stress, brassinolide (BR) has been shown to protect the chloroplast structure in Paulownia leaves from damage. Khan found that brassinosteroids (BRs) act as crucial regulatory substances for tomato (Solanum lycopersicum L.) in responding to low-temperature stress: they alleviate low-temperature-induced oxidative damage by inducing the activation of the antioxidant system in tomatoes—for instance, increasing the activities of antioxidant enzymes such as superoxide dismutase (SOD) and peroxidase (POD), or promoting the accumulation of non-enzymatic antioxidants. Meanwhile, BRs can maintain the photosynthetic function and normal physiological metabolism of tomatoes under low-temperature conditions to a certain extent, thereby mitigating the inhibitory effect of low temperature on tomato yield formation. This finding provides empirical support for clarifying the application of BRs in the regulation of low-temperature resistance in Solanaceous crops [63].





4. Molecular Mechanisms of Cucumber Response to Low-Temperature Stress


4.1. Construction of a Cold Tolerance Evaluation Index System for Cucumber


As a cold-sensitive crop, low-temperature stress severely affects cucumber growth, yield, and quality. Cucumber cold tolerance is a complex quantitative trait governed by genes. Its mechanisms involve not only physiological and biochemical changes but also induction of low-temperature-related gene expression to enhance tolerance [64]. Recent molecular studies have identified numerous key genes involved in cucumber low-temperature response (Figure 4), categorized into regulatory and functional genes based on their modes of action. HOU et al. identified the PavbHLH106 gene from the sweet cherry genome and demonstrated that its overexpression in tobacco significantly enhanced cold tolerance under low-temperature stress [65]. In a separate study on Chimonanthus praecox, DENG et al. characterized a cold-responsive COR gene, CpCOR413PM1. Their research showed that its expression is induced by ABA, which subsequently regulates chlorophyll and MDA contents, thereby alleviating low-temperature damage in plants [66].




4.2. Regulatory Genes in Cucumber Response to Low-Temperature Stress


While this review catalogs key transcription factors (TFs) involved in cucumber cold tolerance, a deeper mechanistic analysis of their specific functions and interactions is warranted. The subsequent section offers a more integrated perspective on their roles.



The CBF (C-repeat Binding Factor) TFs, central to the cold response, function not merely as listed components but as master regulators that directly orchestrate a protective transcriptome. In cucumber, the functional significance of CsCBF1/2/3 is evident from their overexpression, which enhances survival rates primarily through the direct transactivation of downstream COR (Cold-Regulated) genes. These effector genes execute physiological adaptations, including the production of LEA proteins for cellular protection, enzymes for osmolyte (e.g., proline) biosynthesis for osmotic adjustment, and antioxidant enzymes (e.g., SOD, POD) for reactive oxygen species (ROS) scavenging [67]. Beyond CBFs, CsSGR has been identified as a critical node, enhancing tolerance by coordinately regulating chlorophyll degradation, ROS homeostasis, and the expression of stress-responsive genes, positioning it as a valuable target for breeding [68].



MYB transcription factors contribute to cold tolerance through functionally distinct and context-dependent pathways. The model is not monolithic; it encompasses both CBF-dependent and CBF-independent mechanisms. For instance, FvMYB108 operates within the CBF regulon by amplifying the expression of core genes like AtCBF1 and AtDREB1A [69]. In contrast, the cucumber MYB-like TF CsHHO2 exemplifies a parallel pathway. It enhances fruit chilling tolerance independently of the CBF core by directly activating target genes like CsGR-RBP3, an RNA-binding protein, suggesting a novel layer of post-transcriptional regulation in the cold response [70].



WRKY TFs are pivotal in mediating crosstalk, particularly integrating hormone signals with stress responses. The function of CsWRKY46 extends beyond cold induction; it serves as a molecular hub within an ABA-dependent signaling pathway. Its mechanism involves promoting the accumulation of the osmoprotectant proline while concurrently mitigating oxidative and membrane damage, as evidenced by reduced MDA content and electrolyte leakage. This directly links its transcription factor activity to the critical physiological outcome of plasma membrane integrity preservation [71].



Furthermore, the cold response network includes other specialized regulators. CsBPC2 acts as an upstream positive switch, whose knockout impairs cold tolerance and downregulates key genes like CsICE1 and CsCOR413IM2, confirming its essential role in initiating the signaling cascade [72]. The systemic low-temperature responsiveness of the GRAS family suggests their potential involvement in early signal perception or transduction [73]. Finally, specific miRNAs fine-tune the response post-transcriptionally by targeting a suite of genes involved in redox balance (POD, CSD), signaling feedback (CBFs), and cell wall fortification, adding a crucial layer of regulatory precision [74].



In summary, cucumber cold tolerance is regulated by a sophisticated, multi-tiered network. This network relies on the specialized, non-redundant functions of various TFs and miRNAs, which operate through interconnected but distinct molecular pathways to ensure coordinated adaptation.




4.3. Functional Genes in Cucumber Response to Low-Temperature Stress


COR (cold-regulated) genes harbor CRT/DRE cis-elements in their promoters, which are activated by CBF under low-temperature stress to enhance cold resistance [75]. Low temperature upregulates two COR genes (CsCOR15b and CsKIN1) in wild-type and CsGG3.2-overexpressing cucumbers, with higher expression in transgenics conferring low-temperature tolerance [76].



Galactinol synthase (GoIS) is a crucial enzyme involved in raffinose family oligosaccharide (RFO) biosynthesis. Its induction under low-temperature stress promotes RFO accumulation and cold hardiness [77]. Dai et al. studied four CsGoIS genes in cucumber, all responsive to low temperature. CsGoIS1 increased RFO content in phloem, while the other three enhanced RFO in mesophyll cells. Further studies confirmed the dual function of CsGoIS1 in phloem loading and cold response, improving assimilate transport and cold resistance under stress [78]. Ma et al. cloned CsGoIS4; overexpression enhanced cold tolerance, while RNAi knockdown reduced it. They concluded that CsGoIS4 comprehensively improves cold tolerance by increasing raffinose, stachyose, and galactinol content and promoting ROS scavenging [79].



Sugar Will Eventually be Exported Transporters (SWEETs) facilitate bidirectional sugar transport across membranes along concentration gradients, enabling long-distance sugar movement from source to sink organs [80]. Extensive research shows SWEETs regulate multiple physiological processes, including phloem transport, pollen nutrition, grain filling, nectar secretion, and abiotic stress resistance [81,82]. Hu et al. performed a genome-wide analysis of the cucumber SWEET family, identifying 17 CsSWEET genes with eight stress-responsive cis-elements in their promoters [83]. Subsequent studies on CsSWEET2 revealed that its overexpression in Arabidopsis enhances low-temperature tolerance by encoding an energy-independent hexose transporter that facilitates glucose and fructose accumulation [84].



Glutathione S-transferases (GSTs) are multifunctional enzymes involved in physiological metabolism and stress responses [85]. Recent studies show that SlGSTU24 expression in tomato reduces MDA content and electrolyte leakage, while its suppression increases both [86]. Duan et al. conducted a genome-wide analysis of cucumber GSTs, identifying seven CsGSTs responsive to low temperature. These genes are induced by hormones under stress, enhancing SOD, CAT, GR, and APX activity to scavenge ROS and confer tolerance [87].



Additionally, Li et al. screened CsV3_1G044080 via GWAS; it encodes CsPPR (a pentatricopeptide repeat-containing protein), and transgenic Arabidopsis promoted cucumber germination under low temperature [88]. Lu et al. isolated the stachyose synthase (STS) gene from cucumber. CsSTS is primarily expressed in the phloem of old leaf veins and is closely associated with seedling cold tolerance [89]. Collectively, these functional genes contribute to enhanced low-temperature tolerance through diverse biochemical pathways. The molecular mechanisms of cucumber responding to low-temperature stress involve multiple genes and signaling pathways, as summarized in Table 1.





5. Enhancing Cucumber Cold Tolerance via Biotic and Abiotic Approaches


Recently, exogenous protectants have gained attention for improving cucumber cold tolerance. These protectants modulate physiological metabolism, antioxidant defense systems, osmoregulatory compound accumulation, and hormone signaling pathways to improve cold resistance.



5.1. Abiotic Approaches to Enhance Cold Tolerance


Various exogenous substances synergistically enhance cold tolerance by regulating physiological and molecular networks. Hydrogen sulfide (H2S) promotes auxin synthesis via CsARF5 upregulation and activates Ca2+ signaling, improving photosynthesis and antioxidant defense [90]. Chitosan oligosaccharides (COS, 50 mg/L) induce antioxidant enzyme activity, reduce malondialdehyde (MDA) accumulation, and regulate sugar metabolism and osmoprotection, thereby protecting cellular membranes [91]. Melatonin (Mel) enhances SOD, CAT, and GR activity to reduce ROS and boosts resistance via calcium-dependent protein kinases (CPKs) [92]. Salicylic acid (SA) coordinates antioxidant responses and hormone balance through the ‘CsNPR1-CsICE1’ axis [93]. Zinc oxide nanoparticles (ZnO NPs) elevate antioxidant enzymes (SOD/CAT/APX) and proline/soluble sugar accumulation [94]. Nitric oxide (NO) integrates antioxidant systems with Ca2+ signaling to improve photosynthesis [95]. Hydrogen-rich water (HRW) reduces MDA and activates SOD/CAT/APX enzymes [96]. Sodium selenate (Na2SeO3) simultaneously enhances antioxidant capacity and osmoprotectant biosynthesis [97]. Collectively, these agents employ a multidimensional mechanism centered on core antioxidant defense (reducing ROS/MDA) + osmotic regulation (proline/soluble sugars) + signal transduction (Ca2+/CPKs/CsNPR1) + hormone regulation (auxin) to systemically improve cucumber adaptation to low-temperature stress.




5.2. Biotic Approaches to Enhance Cold Tolerance


Biotic approaches rely on bioelicitors that activate SA/JA/CBF pathways, triggering synergistic responses, including antioxidant activity (ROS clearance), osmotic protection (proline/sugar accumulation), and antifreeze protein synthesis. This ultimately improves membrane stability and physiological resilience. Current field-applied strategies include Bacillus-based agents and arbuscular mycorrhizal fungi (AMF) inoculation, though induction intensity requires optimization to avoid adverse effects.



AMF form symbiotic associations with cucumber roots, significantly enhancing growth and secondary metabolite accumulation under low-temperature stress. Inoculated seedlings exhibit higher fresh/dry weight, enhanced antioxidant enzyme activity, and increased secondary metabolites [98]. Plant growth-promoting rhizobacteria (PGPR) induce upregulation of the core cold-regulatory TF CsCBF1 (3.2-fold increase), driving downstream antifreeze gene CsCOR47 (2.8-fold increase) [99]. SOD, POD, and CAT activities increase by 35%, 42%, and 28%, respectively, efficiently scavenging ROS. Physiologically, MDA levels decrease by 40%, electrolyte leakage by 50%, and seedling survival (4 °C for 48 h) increases from 45% to 82%. Cross-protection using attenuated cucumber mosaic virus (CMV-Δ2b) foliar spray persistently activates the SA pathway (CsNPR1 high expression), inducing heat shock protein CsHSP70 (4.1-fold increase) to stabilize denatured proteins. Antifreeze glycoprotein synthesis doubles, lowering the intracellular freezing point by 2 °C. PSII photochemical efficiency (Fv/Fm) remains at 0.75 (vs. 0.52 in controls) after 8 °C/96 h treatment [100].





6. Future Perspectives


As a globally important vegetable crop, cucumber fruit is favored for its unique taste and nutritional value. However, with increasing global climate change and extreme low-temperature events, cucumber has been exposed to low-temperature stress during growth, severely affecting yield and quality. In response to this adversity, cucumber has developed a variety of adaptive mechanisms, including morphological, physiological, biochemical, genetic, and proteomic strategies, to enhance cold resistance.



Recent advances in the understanding of plant responses to low-temperature stress—particularly discoveries related to transcription factors, signaling pathways, and regulatory networks—have provided crucial insights into the molecular mechanisms governing cucumber’s cold tolerance. Nevertheless, compared to model plants like Arabidopsis or major crops like rice, many aspects of cucumber’s molecular regulatory networks and physiological mechanisms under low-temperature stress remain insufficiently explored. Key areas requiring further investigation include the dynamic changes in endogenous hormones, mechanisms of osmoregulatory substance accumulation, and roles of critical signaling molecules.



Rapid developments in high-throughput sequencing, gene editing (e.g., CRISPR/Cas9), and multi-omics integration are poised to drive breakthroughs in identifying and characterizing cold-tolerance genes. These technologies will elucidate the molecular foundations of cucumber low-temperature responses and support the development of innovative cold-resistant germplasm and breeding strategies. Integrating genomics, transcriptomics, proteomics, and metabolomics will comprehensively reveal regulatory networks under low-temperature stress, laying a foundation for breeding high-yield, high-quality, and stress-resistant cucumber varieties.



The effects of low-temperature stress on agriculture are widespread. Beyond cucumber, numerous other vital economic crops, such as pepper and citrus (Citrus sinensis), also suffer significantly from its effects. Research suggests that, despite species differences, the core physiological pathways involved in responding to low temperatures are remarkably conserved across various plant species. For example, all of these species trigger the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), leading to oxidative and nitrosative stress, which in turn activate complex antioxidant and osmotic regulation systems [50]. Therefore, the in-depth mechanistic analysis conducted using cucumber as a model holds significant reference value for understanding the broader physiology of plant cold tolerance. Simultaneously, different crops (such as citrus, which accumulates anthocyanins in its fruits) may have evolved unique adaptive mechanisms, providing a complementary perspective for comprehensively mapping the plant cold resistance network. Meanwhile, emerging concepts such as “secondary metabolism (e.g., anthocyanin)” and “novel transcription factors” offer promising directions for the “Future Perspectives” section of this research [101].



Furthermore, exogenous substances (e.g., hormones, osmoprotectants, signaling molecules) show significant potential in alleviating low-temperature stress and promoting growth. Optimizing application strategies in conjunction with molecular breeding approaches will further enhance cold tolerance, providing sustainable solutions to the challenges posed by climate change. In summary, with deepening research and technological progress, studies on cucumber cold-resistance mechanisms will advance, providing robust solutions for sustainable cucumber production.
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Figure 1. Physiological response of cucumber to low-temperature stress. Low-temperature perception triggers Ca2+ influx and a subsequent nitric oxide (NO) signaling cascade that activates the ICE1 transcription factor. ICE1 induces the expression of cold-resistant genes (e.g., CsVI1), leading to the accumulation of protective osmolytes (sucrose, hexoses, raffinose, proline). This results in reduced osmotic potential, ensuring turgor maintenance, cellular structural protection, and diminished MDA accumulation, collectively enhancing cold adaptation. Arrows represent causes or activations. 
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Figure 2. Physiological response of cucumber to low-temperature stress. (A) Membrane Lipid Peroxidation: Low temperature induces lipid peroxidation, leading to malondialdehyde (MDA) accumulation and membrane system damage; (B) Metabolic Dysregulation: Decreased chlorophyll content results in diminished photosynthesis; mitochondrial dysfunction shifts energy metabolism towards inefficient anaerobic respiration; (C) Antioxidant Response: Antioxidant enzymes such as SOD (superoxide dismutase), POD (peroxidase), and CAT (Catalase), along with molecules like ASA (Ascorbic Acid) and GSH (glutathione), are activated to collectively scavenge reactive oxygen species (ROS); (D) Osmotic Adjustment: Plants accumulate osmolytes (e.g., glucose, proline) to increase cellular osmotic pressure, maintain turgor, and counteract water stress. Arrow indicates increase. 
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Figure 3. Physiological response of cucumber to low-temperature stress. Key components include (1) OSCA-mediated Ca2+ signaling for K+ and brassinosteroid homeostasis; (2) polyamine (PA)-modulated ROS signaling; (3) ABA-activated PYR/PYL-PP2C-SnRK2 module inducing the ICE-CBF-COR pathway and SA accumulation; and (4) ABA-GA crosstalk altering the GA/ABA ratio to balance growth and adaptation. An integrated signaling network is formed through crosstalk among these pathways. The arrows “↑” and “↓” clearly indicate an increase or decrease. 
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Figure 4. Regulatory and functional genes of cucumber response to low-temperature stress. “×” means “Clear”, ”↑” indicates increase, and “↓” indicates decrease. 
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Table 1. Molecular mechanisms of cucumber response to low-temperature stress.
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	Category
	Gene/Transcription Factor
	Function
	Signal Pathway





	Regulatory Genes
	CsCBF1, CsCBF2, CsCBF3
	Activate cold-responsive genes (e.g., COR), enhance cold tolerance
	CBF-COR pathway



	
	CsHHO2
	Enhance CsGR-RBP3 expression, improve fruit cold resistance
	–



	
	CsWRKY46
	Regulate low-temperature signaling via ABA-dependent pathway, enhance cold tolerance
	ABA pathway



	
	CsBPC2
	Regulate key cold-resistance genes (e.g., CsICE1, CsCOR413IM2)
	–



	
	GRAS gene family
	37 GRAS genes respond to low temperature, involved in cold tolerance regulation
	–



	Functional Genes
	CsCOR15b, CsKIN1
	Upregulated under low temperature, enhance cold tolerance
	CBF-COR pathway



	
	CsGoIS1, CsGoIS4
	Increase RFO accumulation, improve cold tolerance
	–



	
	CsSWEET2
	Regulate sugar transport, facilitate glucose/fructose accumulation, enhance low-temperature tolerance
	–



	
	CsGSTs
	Enhance antioxidant enzyme activity, scavenge ROS, improve cold tolerance
	–



	
	CsPPR
	Promote low-temperature germination
	–



	
	CsSTS
	Stachyose synthase gene, crucial for seedling cold tolerance
	–



	Signal Pathways
	CBF-COR pathway
	CBF TFs activate COR gene expression under low temperature, enhancing cold tolerance
	–



	
	ABA pathway
	Increased ABA activates ICE-CBF-COR pathway, alleviating oxidative and chilling damage
	–



	
	H2S pathway
	H2S upregulates CsARF5, promoting auxin synthesis and enhancing cold tolerance
	–



	
	Ca2+ pathway
	Ca2+ participates in NO-induced response, regulating photosynthesis and antioxidant capacity
	–
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