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Editorial on the Research Topic 


Chilling tolerance and regulation of horticultural crops: physiological, molecular, and genetic perspectives





Introduction

Crops of tropical and subtropical origin are cold-sensitive at every stage of the lifecycle, including postharvest cold storage. Chilling-induced damage leads to diverse symptoms which manifest as external alterations (surface pitting, discolouration), internal disorders (browning, water soaking) and/or impaired physiological processes (ripening and growth inhibition, wilting, altered flavour, decay).

Plants have developed complex tolerance mechanisms to counteract or to minimize chilling injury (CI), including stress perception, signal transduction, transcriptional activation of stress-responsive target genes, and the synthesis of stress-related proteins and other molecules. The integration of molecular and omics-based approaches has provided new loci for marker-assisted breeding toward chilling tolerance. Thus, understanding the physiological, biochemical and molecular responses underlying these tolerance mechanisms, and the causal genes, is paramount to engineering strategies for enhanced tolerance to chilling stress.

This Research Topic was launched to gather recent investigations in this field. Fourteen papers were finally compiled, which examined a wide range of edible and non-edible plant species, including climacteric and non-climacteric fruit species, herbs, and edible corms or seedlings belonging to different botanical families. They explored general mechanisms involved in plant cold tolerance and the suitability of exogenous treatments for alleviating CI-related disorders.





Mechanisms involved in tolerance to cold stress

Plants employ sophisticated molecular mechanisms to perceive and respond to cold stress through cold tolerance and/or cold avoidance. However, the specific physiological and molecular mechanisms driving these protective effects remain poorly understood. Jahed et al. surveyed recent literature on these mechanisms and their potential impact on crop productivity and sustainability. One key adaptive strategy identified was the production of cryoprotectant molecules, which have antioxidant and reactive oxygen species (ROS) activity. These processes prevent protein denaturation, mitigate cell damage and minimize cell dehydration, which preserves cellular function under low temperatures.

Sun et al. explored the biological mechanisms underlying the response to cold in the seedling roots of ‘Jinyou 35’, a cold-tolerant cucumber (Cucumis sativus L.) cultivar. Hormonal analysis revealed high auxin accumulation and roles for jasmonic acid and strigolactone in the cold-tolerant response. Metabolite profiling identified phenolic acids as the most abundant metabolites under chilling conditions, with potential roles for triterpenes. Seedling transcript analysis pointed to AP2/ERF transcription factor gene induction under both suboptimal and low-temperature stress. Interestingly, the benzoxazinoid biosynthesis pathways were upregulated at the transcript and metabolite level.

In a large-scale study, Zhang et al. investigated the metabolic mechanisms underlying the cold-induced flavour loss in melon (Cucumis melo L.). The key finding was the reduced emission of acetate esters due to transcriptional regulation. Several transcription factors, such as NOR, MYB, and AP2/ERF, were also suppressed. These results might provide insights into the regulation of flavour-associated pathways and the physiological chilling response in melon fruit. In addition, Lv et al. investigated the role of actin depolymerizing factors (ADFs) in different melon tissues in a low temperature-tolerant cultivar (‘LT-6’). Depolymerization of actin filaments in the cytoskeleton can improve plant tolerance to cold. Nine ADF genes (CmADFs) were identified, all responsive to temperature stress. The most responsive of them, CmADF1, was functionally characterized using transgenic approaches – virus-induced gene silencing of CmADF1 increased sensitivity to low temperatures in melon. Accordingly, ectopic CmADF1 expression in Arabidopsis improved cold tolerance, likely through actin filament depolymerization. The expression of CmADFs in abscisic acid (ABA)- and salicylic acid (SA)-treated melon leaves supports a role for CmADFs genes in stress responses mediated by these hormones.

Lignification may occur during postharvest storage, which in loquat (Eriobotrya japonica (Thunb.) Lindl.), a non-climacteric fruit, results in significant quality and economic losses. Ge et al. used transcriptomic analyses and identified the senescence-specific MADS-box gene (EjAGL15) as a positive regulator of postharvest flesh lignification in loquats. This study thus provided new information that may help improving loquat fruit management after harvest.

Low-temperature stress in tea (Camellia sinensis L.) shrubs causes growth inhibition and leaf senescence. Expression analysis by Wu et al. implicated cell wall-associated receptor-like kinase CsWAK12 in the cold response pathway. Ectopic expression of CsWAK12 in Arabidopsis was associated with better growth but greater sensitivity to cold, and this response was linked to decreased expression of key cold-stress response genes, such as C-repeat binding factors (CBF) genes. CsWAK12 negatively modulates plant cold tolerance by interfering with CBF transcription while simultaneously promoting growth. Hence it may be a key sensor that redirects plant resources for growth under normal conditions, or to adaptive/tolerance responses under cold stress.





Potential strategies for the alleviation of cold stress

There is great interest in exploring postharvest treatments that may allow the extension of storage and shelf life of commodities for higher consumption and reduced loss. Khaliq et al. applied γ-aminobutyric acid (GABA) to papaya (Carica papaya L.) fruit and showed enhanced oxidative stress tolerance and antioxidant defence systems in treated fruit stored under cold temperatures. GABA treatment effectively improved the chilling tolerance of papaya fruit, likely by reducing oxidative damage, which strengthened defence systems. Treated fruit were lower in lipid peroxidation, ion leakage, H2O2 content, and antioxidant enzyme activities, and had higher contents of proline, endogenous GABA, and total phenolics, which may have helped to maintain plasma membrane fluidity and integrity. Melatonin applications have shown beneficial effects against cold stress across plant species. Wang et al. applied exogenous melatonin to papaya fruit prior to cold storage and showed reduced decay compared with the untreated controls. Most ripening- and quality-related features were enhanced in the treated samples, correlating with ROS levels and enhanced activity of antioxidant enzymes. Considering increasing consumers’ concerns about the use of synthetic agrochemicals, exogenous GABA and melatonin treatments emerge as promising non-toxic alternatives to preserve papaya fruit quality during cold storage.

Dai et al. examined the potential of exogenous glycine betaine (GB) to improve tomato (Solanum lycopersicon L.) seedling chilling-tolerance. GB treatment activated genes related to the antioxidant system, photosynthesis, calcium signalling, energy metabolism, and cold-responsive pathways, thereby enhancing cold tolerance. GB treatment triggered higher proline content and increased activity of antioxidant enzymes while lowering the levels of malondialdehyde, an indicator of oxidative stress. Exogenous GB can act as a cryoprotectant to favour tomato seedling growth under cold stress.

Chilling injury of zucchini (Cucurbita pepo L.), a non-climacteric fruit species, manifests as pits, damaged areas, and fungal growth on the exocarp. Strigolactones (SL) are plant hormones that modulate plant responses to stresses, among other roles. Wang et al. showed that postharvest SL treatments improved zucchini fruit quality by maintaining membrane and oxidative status under cold treatment compared to the untreated controls. Reduced CI was associated with increased proline, arginine, ascorbic acid and ABA contents.

Paprika (Capsicum annuum L.), also a non-climacteric fruit species, shows CI primarily as surface pitting. Park et al. applied 20% and 30% CO2 shocks to mature ‘Sirocco’ paprika fruit to assess their impact on fruit quality after cold storage. Treatments preserved fruit quality during and after cold storage, with a lower incidence of surface pitting. Transcriptomic and metabolomic analyses of the fruit suggest that activation of sucrose metabolism and phosphatidic acid biosynthesis were key. These metabolites in turn induced stress signalling pathways, lipid processes and antioxidant defence mechanisms, favouring membrane stability and reducing pitting.

Basil (Ocimum spp.) is a high-value aromatic culinary herb with a short shelf-life, but the chilling temperatures used for postharvest preservation alter the key volatile compounds critical for desirable aroma and flavour. Rodeo et al. investigated the response of two chilling-sensitive basil genotypes (O. basilicum L., cv. ‘Genovese’ and O. citriodorum Vis., cv. ‘Lemon’) to low temperatures and atmosphere modification. Basil leaves suffered severe CI and greater loss of aroma volatiles at 5°C compared to 10°C and 15°C, which was attenuated in ‘Genovese’ but not in ‘Lemon’ samples stored under 5% CO2. The differentially expressed volatiles might be potential biochemical markers of chilling stress in these genotypes.

Two of the studies compiled in this Research Topic explored possible strategies to maintain the postharvest quality of Chinese water chestnuts (Eleocharis dulcis (Burm.f.) Trin.). Peeling the corm is necessary for consumption but leads to discoloration and quality loss. Chen et al. applied eugenol to fresh-peeled Chinese water chestnut corms, which delayed surface discolouration during storage. Eugenol enhanced antioxidant and ROS-scavenging capacity by inhibiting phenolic metabolism. In turn, Lu et al. investigated the effects of methyl jasmonate (MeJa) dips on the quality of fresh-cut Chinese water chestnuts. MeJa delayed yellowing and quality loss. Similarly to applied eugenol, MeJA treatment enhanced antioxidant capacity, inhibited ROS generation and reduced the accumulation of flavonoids, thus delaying surface discoloration.





Conclusions

This Research Topic highlighted the conserved pathways underlying CI responses across diverse species and tissues, and illustrated the suitability of some hormonal and physical treatments to mitigate CI damage; these lines of research are necessary to support robust breeding programs and to improve postharvest management to reduce commercial losses due to CI.
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The study aimed to investigate the effect and mechanism of eugenol treatment on fresh-peeled Chinese water chestnuts (CWCs). The results found that eugenol treatment maintained the appearance of fresh-peeled CWCs, accompanied by higher L* value, total solids and O2 contents, as well as lower browning degree, weight loss rate, CO2 content, a* and b* values. In addition, eugenol treatment significantly reduced the activities of peroxidase, phenylalanine ammonia-lyase, and polyphenol oxidase, as well as the total content of soluble quinone in fresh-peeled CWCs. Meanwhile, fresh-peeled CWCs treated with eugenol showed markedly lower content of total flavonoids, which may be related to yellowing. Furthermore, eugenol treatment suppressed the rates of O2·- and OH·- production as well as the contents of H2O2 and malondialdehyde in fresh-peeled CWCs. During the storage, eugenol treatment not only increased the activities of catalase, superoxide dismutase, ascorbate peroxidase and glutathione reductase as well as the DPPH free radical scavenging rate, but also increased the total phenolics, ascorbic acid and glutathione contents. In summary, eugenol treatment delayed the surface discoloration of fresh-peeled CWCs by improving the antioxidant capacity, inhibiting the phenolic compound metabolism and scavenging ROS, thus effectively maintaining the quality of fresh-peeled CWCs while extending their shelf life.




Keywords: eugenol, reactive oxygen metabolism, phenolic metabolism, storage quality, fresh-peeled Chinese water chestnut



Introduction

Chinese water chestnuts (CWCs) grow mainly in the south area of the Yangtze River in China (Nie et al., 2021), and are rich in starch, vitamins, minerals, and proteins (Jiang et al., 2004). CWCs are usually peeled before being eaten, due to a certain quantity of pathogenic microorganisms are attached to their peels (Jiang et al., 2004). As a result, fresh-peeled CWCs are increasingly welcomed among consumers for deliciousness and convenience. However, CWCs are often vulnerable to mechanical damage in the fresh cutting process, resulting in the decline of quality and reduction of the shelf life. Surface discoloration is an important phenomenon indicating a quality decrease in fresh-peeled CWCs (Song et al., 2019).

There are hypotheses on the discoloration of fresh-peeled CWCs. One hypothesis is that the surface discoloration is yellowing. Flavonoids, especially naringin and eriodictyol, are the main yellowing substances in fresh-peeled CWCs (Pan et al., 2015). The other hypothesis is that enzymatic browning contributes to surface discoloration, and phenylalanine ammonia-lyase (PAL), peroxidase (POD), and polyphenol oxidase (PPO) are key enzymes (Li et al., 2020). The senescence of fresh-cut vegetables and fruits has been reported to be closely related to ROS, like H2O2, O2·- and OH·-. Excessive accumulation of ROS disrupts the balance of the scavenging system, which gives rise to malondialdehyde (MDA) accumulation and membrane lipid peroxidation, further exacerbating the senescence process (Dou et al., 2021). Moreover, ROS metabolism is also closely related to the activities of antioxidant enzymes (Li et al., 2021). The antioxidant system is mainly composed of ascorbic acid (AsA), glutathione (GSH), catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX) and glutathione reductase (GR) and other enzymes. The main function of CAT is to generate H2O and O2 by specifically catalyzing the decomposition of H2O2. The catalytic effect of SOD is to inhibit the damage of O2·- to the plant, establishing the first defensive line of the antioxidant system. The important antioxidant enzymes in the ascorbic acid-glutathione cycle are APX and GR, which work together with antioxidants to remove ROS and protect the integrity of cell membranes. And it is reported that lower accumulation of ROS and higher antioxidative enzyme activity play a role in alleviating the discoloration of fresh-peeled CWCs treated with hydrogen sulfide (Dou et al., 2021).

Therefore, it is a matter of great concern to seek effective methods to delay the discoloration and quality deterioration of fresh-peeled CWCs. Various methods have been currently adopted to maintain the appearance of fresh-peeled CWCs and to prolong the shelf life. Anoxic treatment contributes to alleviating lipid peroxidation and maintaining storage quality in fresh-peeled CWCs by reducing the activity of malondialdehyde, H2O2 and lipoxygenase and increasing the activity of ascorbate peroxidase and superoxide dismutase (You et al., 2012). Pen and colleagues used chitosan coating treatment to delay discoloration of fresh-peeled CWCs, reducing the activity of PAL, PPO, and POD as well as the content of total phenolics (Jiang et al., 2004). Hydrogen-rich water treatment delayed the yellowing of fresh-peeled CWCs, alleviated oxidative damage, and decreased the PAL activity and accumulation of flavonoids (Li et al., 2022). Moreover, ferulic acid is effective in inhibiting yellowing and eriodictyol and naringenin levels in fresh-peeled CWCs (Song et al., 2019). Salicylic acid also inhibits the browning of fresh-peeled CWCs and reduces the activity of PPO, POD, and PAL (Peng and Jiang, 2006). At present, the main treatment method is concentrated on chemical preservatives. Today, with the increasing requirements for food safety, the development of pure natural plant extracts from plants to extract antibacterial and bactericidal active substances has been put on the agenda (Fernández-Pan et al., 2012; Alshaikh and Perveen, 2017).

As a natural plant extract, eugenol is the main component of clove oil and has strong insecticidal, antibacterial, and antiseptic effects (Devi et al., 2013; Ma et al., 2016). EUG is a food additive approved by the U.S. FDA (Food and Drug Administration), with the LD50 value being 3000 mg kg -1 oral mice (Gong et al., 2016). Eugenol is superior to hydrogen sulfide in safety and antimicrobial activity. And the production cost of eugenol is lower than those of ferulic acid and hydrogen-rich water. In the food industry, eugenol is mainly used for retaining the texture, sensory properties, and moisture of shrimp (Sharifimehr et al., 2019) and pork (Wan et al., 2018). However, there is little research on the storage and preservation of fresh-cut vegetables and fruits treated with eugenol. Fresh-cut lettuce treated with eugenol at the concentration of 0.5 g/L inhibited the browning of fresh-cut lettuce and the activity of PAL, PPO, and POD enzymes (Chen et al., 2017). Edible coatings with 1 g/L eugenol and 1.5 g/L citral on raspberries (Guerreiro et al., 2016) and fresh-cut apples (Guerreiro et al., 2016) have high Trolox equivalent antioxidant activity. Moreover, 15 g/L eugenol emulsion treatment delayed the browning of fresh-cut CWCs, enhanced the activities of ROS scavenging enzymes, and increased the contents of phenolic substances, thereby reducing the damage to the cell membrane (Teng et al., 2020; Zhu et al., 2022). Previous studies have shown that antioxidant and ROS metabolism are involved in the browning and senescence of fresh-cut CWCs (Dou et al., 2021). In addition to the direct antioxidant system, the ascorbic acid-glutathione (AsA-GSH) cycle plays an important role in maintaining the quality of fresh-cut fruits and vegetables. Therefore, the mechanism of eugenol on inhibiting discoloration and quality deterioration of fresh-peeled CWCs needs to be further investigated, especially the combined study of direct and indirect antioxidant processes.

This study investigated the effect of 1 g/L eugenol treatment on the quality of fresh-peeled CWCs during storage, and its underlying mechanism on phenolics and ROS metabolism. The quality change (color difference, browning degree, total soluble solids, weight loss rate, and headspace gas composition) of packaged fresh-peeled CWCs were evaluated first. To further understand the possible mechanism for discoloration of fresh-peeled CWCs, the phenolic metabolism (total flavonoid, total phenolic and total quinone contents, and activities of POD, PPO, and PAL), ROS metabolism (O2·- and OH·-production rates, H2O2 and MDA contents), and antioxidant substances (activities of CAT, SOD APX, GR and DPPH free radical scavenging rate) were studied. This study aims to provide a theoretical basis for storing and preserving fresh-peeled CWCs with eugenol.



Materials and methods


Materials and reagents

CWCs were bought from the Southeast Fruit Wholesale Market in Wuhan, Hubei. Severely damaged CWCs were removed and fruits with uniform size and appearance were selected as experimental materials. After pre-cooling at 4°C for 24 h, the CWCs were manually washed and peeled. Later, fresh-peeled CWCs were soaked in 0.1 g/L sodium hypochlorite for 5 min. The four eugenol concentrations were selected to be 0.75, 1, 2, and 4 g/L, and the five eugenol treatment times were 1, 3, 5, 7, and 10 min, respectively. It can be seen from Figure 1A and B that the optimal concentration of eugenol treatment is 1 g/L and the optimal time was 5 min. Therefore, one group was soaked in 1 g/L eugenol solution (Yuanye, Wuhan Feiyang Biological Technology Co., Ltd.) for 5 min, one group as the control was soaked in distilled water for 5 min, and the other group as the ethanol control was soaked in 5% ethanol for 5 min. Eugenol solution (1 g/L) was dissolved in a small amount of ethanol (5%) and diluted with distilled water. After draining the water, three groups of fresh-peeled CWCs were sealed in polyethylene bags (200 × 280 mm) after being placed in food-grade polyethylene trays (180 × 120 × 25 mm). At last, samples were stored at 10°C with a relative humidity of 85-90% (Fan et al., 2018) for 5 d and used for analysis at 1 d interval.




Figure 1 | Images of 0, 0.75, 1, 2, and 4 g/L EUG treatment on fresh-peeled CWC (A), and 0, 1, 3, 5, 7 and 10 min EUG treatment on fresh-peeled CWC (B).





Color difference, browning degree, total soluble solid content, weight loss rate, and headspace gas composition

An EOS550D camera was used to record the appearance of fresh-peeled CWCs. According to Du et al. (2009), a JZ-300 colorimeter was used to measure color differences (L*, a*, and b* values) of fresh-peeled CWCs.

The degree of browning fresh-peeled CWCs was measured using the method of Min et al. (2017). Three grams of fresh-peeled CWCs pulp was homogenized in 30 mL of distilled water, followed by centrifugation of the mixture at 10,000 ×g for 10 min. Later, the supernatant (3.5 mL) was incubated at 25°C for 5 min and the absorbance was determined at 410 nm by an A360 UV-Vis spectrophotometer (Aoyi Instrument Shanghai Co., Ltd).

The total soluble solid content of fresh-peeled CWCs pulp was determined using the method of Liu et al. (2018), followed by grinding and pestling 10 g of fresh-peeled CWCs pulp. An LQ80T portable refractometer was used to measure the total soluble solid content.

The weight loss rate was measured using the method of Chen et al. (2022). The mass weighed on the 0th day was M0, and the weight weighed on the n day was Mn. The weight loss rate of CWCs was calculated by  .

Headspace gas composition in CWCs packages was measured using the method of Chen et al. (2022). Checkpoint 3 Portable Headspace Analyzer was used to measure O2 and CO2 contents.



Total flavonoid, total phenolic, and soluble quinone content

The total flavonoid content was measured by referring to a modified method by Liu et al. (2018). Fresh-peeled CWCs pulp (5 g) was homogenized in 50 mL of 0.6 mL/mL ethanol, followed by centrifugation at 4°C for 10 min (10,000 ×g). Later, the supernatant (4 mL) was incubated with 0.3 mL of 50 g/L NaNO2 for 6 min and then 0.3 mL of 100 g/L Al (NO3)3 was added. After 6 min, 4 mL of 1 mol/L NaOH was added to the mixture with 0.8 mL/mL ethanol and incubated for 15 min. The absorbance was measured at 510 nm. The content of total flavonoids was indicated as mg kg-1.

The total phenolic content was quantified by using the method of Min et al. (2017). Fresh-peeled CWCs pulp (3 g) was mixed with 30 mL of 0.6 mL/mL ethanol, followed by homogenization for 6 min and centrifugation at 4 °C for 5 min (10,000 ×g). Then 0.125 mL of Folin-Ciocalteau and 1.25 mL of 7% Na2CO3 and 1 mL of distilled water were added, till the temperature reached 25°C for 90 min in the dark. The standard curve was determined with gallic acid solution. The absorbance was measured at 760 nm and the content of total phenolics was indicated as mg kg-1.

The soluble quinone content was determined by referring to the method of Homaida et al. (2017). Fresh-peeled CWCs pulp (3 g) was mixed with 20 mL of methanol, followed by homogenization for 1 min and centrifugation at 4°C for 10 min. The soluble quinone content was measured at 437 nm and indicated as A437nm g-1.



Enzyme activity assay (PAL, PPO, and POD)

The extraction and assay of PAL, PPO, and POD activity were conducted based on our previous paper (Min et al., 2019).

The PAL activity was measured using the Phenylalanine Ammonia Lyase Kit. Fresh-peeled CWCs pulp (0.3 g) was mixed with precooled reagent 1 (2.7 mL), followed by centrifugation at 4°C for 10 min (10,000 ×g). The subsequent procedures were conducted according to the manufacturer’s instructions. A unit of PAL activity was defined as a change in absorbance of 0.1 at 290 nm per fresh weight per min.

To determine the PPO activity, three grams of fresh-peeled CWCs pulp was mixed in 50 mL of phosphate buffer. Then they were centrifuged at 4 °C for 15 min (6,000 ×g). A unit of PPO activity was defined as a change in absorbance of 0.001 at 420 nm per min per fresh weight.

To determine the POD activity, five grams of fresh-peeled CWCs pulp was mixed with 5 mL of extraction buffer (1 mmol/L MPEG, 40 g/L PVPP, and 10 g/L Tritonx-100). Then they were ground and homogenized, followed by centrifugation at 4°C for 30 min (12,000 ×g). A unit of POD activity was defined as a change in absorbance of 0.01 at 470 nm per min per fresh weight.



H2O2 content, O2·- generation rate, OH·- production rate, and MDA content

The hydrogen peroxide test kit was used to determine the H2O2 content. Two grams of fresh-peeled CWCs pulp and 18 mL of 8.5 g/L NaCl were diluted 10 times in an ice bath. Then they were centrifuged for 10 min at 4°C (10,000 ×g) and the supernatant was taken as the reaction solution. Finally, the absorbance value was measured at 405 nm and expressed as mmol g-1. O2·- generation rate was measured by referring to the method (Zou et al., 2019). Two grams of fresh-peeled CWCs pulp was mixed with 5 mL of 50 mmol/L phosphate buffer and were ground in an ice bath. After that, they were centrifuged for 10 min at 4°C (12,000 ×g). Later, the supernatant was centrifuged at 12,000 ×g for 20 min. 1 mL of the supernatant was incubated with 10 mmol/L hydroxylamine hydrochloride and 5 mL of 50 mmol/L of phosphate buffer at 25°C for 20 min. They were then incubated at 25°C with 1 mL of 7 mmol/L α-naphthylamine and 1 mL of 17 mmol/L p-aminobenzene sulfonic acids. Finally, the absorbance value was measured at a wavelength of 530 nm and expressed as μmol g-1 min−1.

OH·- production rate was measured using the hydroxyl radical kit (Nanjing Jiancheng Biological Engineering Co., Ltd., Nanjing, China). Five grams of fresh-peeled CWCs pulp was ground and homogenized with 20 mL of absolute ethanol, and they were centrifuged at for 10 min at 4°C (10,000 ×g). Then the supernatant was taken for experiments according to the kit instructions. Finally, the absorbance value was measured at a wavelength of 550 nm and expressed in nmol g−1 min−1.

The MDA content was determined by referring to the method of Kong et al. (2020). Three grams of fresh-peeled CWCs pulp was mixed with 15 mL of 100 g/L trichloroacetic acids, followed by centrifugation at 4°C for 20 min at 10,000 ×g. After that, 2 mL of the supernatant (corresponding to the blank control tube, added with 2 mL of 100 g/L trichloroacetic acid solution and 2 mL of 6.7 g/L thiobarbituric acids were mixed and placed in a water bath at 100 °C for 20 min. After cooling, the above centrifugation step was repeated. The absorbance was determined at 450, 532, and 600 nm, respectively. The MDA content was indicated as nmol g-1.



CAT, SOD activity and DPPH free radical scavenging rate

The CAT activity was measured using a catalase test box kit (Nanjing Jiancheng Biological Engineering Co., Ltd., Nanjing, China). Two grams of fresh-peeled CWCs pulp and 18 mL of 8.5 g/L NaCl were diluted 10 times in an ice bath. They were then centrifuged for 10 min at 4°C (10,000 ×g) and the supernatant was taken as the reaction solution. Finally, the absorbance value was measured at 405 nm and indicated as U g-1.

The total superoxide dismutase test kit was used to measure the SOD activity. Five grams of fresh-peeled CWCs pulp was mixed with 20 mL of 0.15 mol/L phosphate buffer in the mortar. Next, they were ground under the condition of the ice bath and centrifuged at 10,000 ×g for 10 min. Then the supernatant was taken and diluted 7 times. The subsequent procedures were conducted according to the manufacturer’s instructions. Finally, the absorbance value was measured at a wavelength of 550 nm and indicated as U g-1.

The DPPH radical scavenging rate was measured using the method of Chen et al. (2022).Two grams of fresh-peeled CWCs pulp was homogenized in 25 mL of absolute ethanol in an ice bath, sonicated at 50°C for 30 min. After being centrifuged at 10,000 × g for 10 min at 4°C, and the supernatant were collected. The supernatant, DPPH alcohol solution and absolute ethanol solution were mixed in pairs. Then the reaction was performed at room temperature for 30 min in the dark, and the absorbance was measured at 517 nm.



AsA, GSH content and APX, GR activity

The AsA content was measured using an ascorbate test kit (Nanjing Jiancheng Biological Engineering Co., Ltd., Nanjing, China). Five grams of fresh-peeled CWCs pulp and 20 mL of phosphate buffer, followed by homogenization for 3 min and centrifugation at 4 °C for 15 min (4,000 ×g). The supernatant was collected for testing. The subsequent procedures were conducted according to the manufacturer’s instructions. Finally, the absorbance value was measured at the wavelength of 536 nm and the results were indicated as μg g-1.

The GSH content was performed using a reduced glutathione test kit (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). The pulp of fresh-peeled CWCs were first washed twice with phosphate buffer, then 2 g of fresh-peeled CWCs pulp were homogenized in 5 mL of reagent 1 in an ice bath. They were then centrifuged for 10 min at 4°C (8,000 ×g). Then the supernatant was taken for experiments according to the kit instructions. Finally, the absorbance value was measured at 412 nm and the results were expressed as μg g-1.

The APX activity was measured using an ascorbate peroxidase test kit (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). Fresh-peeled CWCs pulp (1 g) was homogenized in 5 mL of reagent 1 in an ice bath and centrifuged at 13,000 ×g for 20 min at 4°C. Then the supernatant was taken for experiments according to the kit instructions. Finally, the absorbance value was measured at 290 nm and the results were indicated as U g-1.

The GR activity was measured using a glutathione reductase test kit (Beijing Solarbio Science and Technology Co., Ltd., Beijing, China). Fresh-peeled CWCs pulp (0.5 g) was homogenized in 5 mL of reagent 1 in an ice bath and centrifuged at 10,000 ×g for 10 min at 4°C. Then the supernatant was taken for experiments according to the kit instructions. Finally, the absorbance value was measured at 340 nm and the results were expressed as U g-1.



Statistical analysis

The experiment was conducted three times and the findings were indicated as mean ± standard error. Before Duncan’s multiple range test, variance analysis (ANOVA) was used to compare means among groups. Analyses were performed by using the SPSS 19.0 software. Significance was expressed at p<0.05.




Results


The effect of EUG on quality indicators of fresh-peeled CWCs

Color difference is a key indicator for measuring the degree of the surface color change of fresh-cut vegetables and fruits (Valverde et al., 2005). Fresh-peeled CWCs treated with eugenol at a concentration of 0.75 g/L showed a slight discoloration (Figure 1A), while fresh-peeled CWCs treated with 1, 2 and 4 g/L eugenol had no obvious color change. Therefore, considering the effect and actual cost, 1 g/L eugenol was chosen for follow-up experiments. As shown in Figure 1B, eugenol treatment at a concentration of 1 g/L for 5 min delayed the discoloration of fresh-peeled CWCs in an effective manner.

The photos of the fresh-peeled CWCs soaked in distilled water, ethanol (5%) and eugenol solution (1 g/L) for 0-5 d (Figure 2A). L* values of all the eugenol, ethanol treatments and control groups showed a downward trend during storage (Figure 2B). The L* value of the control group (86.3-76.3) and the ethanol treatment group (86.3-78.4) were much lower than that of the eugenol treatment group (86.3-83.1) on 0-5 d, and there were significant differences from the second day. Throughout the storage, a* and b* values of fresh-peeled CWCs tended to increase, while a* and b* values of the eugenol treatment group were markedly lower than that of the control and ethanol treatment groups on 2-5 d (Figure 2C, D). After 5 d of storage, a* value in the control, ethanol treatment and eugenol treatment groups increased by 73.6%, 50.5% and 7.7%, respectively. And the b* value of the control and the ethanol treatment groups was 2.7 and 2.5-fold higher than that of the eugenol treatment group on 5 d.




Figure 2 | Effects of eugenol treatment on the visual quality (A), color difference (B–D), browning degree (E) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



The browning degree is one of the most important indicators to evaluate the quality of fruits and vegetables (Yang et al., 2021). The browning degree of fresh-peeled CWCs continued rising (Figure 2E), the control and ethanol-treated groups were significantly higher than those of the eugenol-treated group throughout the storage. The browning degree of the control and ethanol treatment group was 2.08-fold as high as that of the eugenol treatment on 5 d.

Total soluble solids reflect the content of soluble sugar and other nutrients in fresh-peeled CWCs (Guerreiro et al., 2015). As shown in Figure 3A, the content of soluble solids in all groups increased rapidly on the 1st day and then decreased gradually on 2-5 d. The content of soluble solids in the eugenol treatment group was significantly higher than that of the control and ethanol treatment groups during the whole storage. By the end of storage, the total soluble solid content of fresh-peeled CWCs in the control and ethanol-treated groups decreased to 18.5 and 21.6%, while that of eugenol-treated fresh-peeled CWCs was 26%.




Figure 3 | Effects of eugenol treatment on the total soluble solids (A), weight loss rate (B), O2 content (C) and CO2 content (D) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



Fresh-peeled CWCs are mechanically damaged, resulting in the outflow of intracellular juices, and the weight continues to decrease during storage (Chen et al., 2017). As shown in Figure 3B, the weight loss rate of fresh-peeled CWCs in the three groups showed an upward trend during the whole storage period, the control and the ethanol treatment groups were significantly higher than the eugenol treatment group at the later storage period. The weight loss rates of the control and ethanol-treated groups on 5 d were 1.27% and 1.25% compared to 1.02% in the eugenol-treated group.

The partial pressures of O2 and CO2 reflect the respiration intensity of fresh-peeled CWCs (Chen et al., 2022). During the whole storage, the O2 content first decreased and then increased slowly (Figure 3C). From the first day, the eugenol-treated group was significantly higher than the control and ethanol-treated groups. The CO2 content showed a trend of first increase and then a slight decrease, and the eugenol treatment group was significantly lower than the control and ethanol treatment groups in the late storage period (Figure 3D).



The effect of EUG on total flavonoids, total phenolics, and soluble quinones of fresh-peeled CWCs

The yellowing of fresh-peeled CWCs may be due to the presence of total flavonoids (Pan et al., 2015). It can be seen from Figure 4A that the total flavonoid content of the control and ethanol-treated groups was significantly higher than that of the eugenol-treated group during the whole storage. Compared with eugenol-treated fresh-peeled CWCs, the total flavonoid content of the control and ethanol-treated groups increased rapidly during the later storage period. On the last day of storage, the total flavonoid content of the control and ethanol-treated groups rose to 63.7 and 55.3 mg kg-1, while that of the eugenol treatment group was 37.7 mg kg-1.




Figure 4 | Effects of eugenol treatment on the total flavonoids (A), total phenolics (B), and soluble quinones (C) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



Phenolics are not key substrates of enzymatic browning in vegetables and fruits, but also have antioxidant effects (Teng et al., 2020). The total phenolic content of fresh-peeled CWCs showed an increasing trend (Figure 4B). The control and ethanol-treated groups were significantly lower than those of the eugenol-treated group in the early storage period. However, in the later storage period, the control group was lower than the eugenol-treated group but higher than the ethanol-treated group.

Quinones are the oxidation products of phenols during the enzymatic browning reaction (Saltveit, 2000). As shown in Figure 4C, the content of soluble quinone in the three groups showed a trend of first decreasing and then increasing, and the control and ethanol treatment group were significantly higher than eugenol treatment during the whole storage. For example, the content of soluble quinones in the control and ethanol-treated groups was 3.5-fold higher than that in the eugenol-treated group on 5 d.



The effect of EUG on the enzymatic activity of fresh-peeled CWCs

PAL is an important enzyme in the phenylpropane pathway for producing secondary metabolites such as flavonoids (Chen et al., 2017). It can be found from Figure 5A that the PAL activity of fresh-peeled CWCs showed an upward trend during the entire storage, and the PAL activity of the control and ethanol-treated groups was markedly higher than that of the eugenol-treated group. On the last day of storage, the PAL activity of the control and ethanol-treated groups rose to 5.4 and 4.7 U g-1, while the eugenol-treated group was only 2.75 U g-1.




Figure 5 | Effects of eugenol treatment on the activities of PAL (A), PPO (B), and POD (C) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



PPO is one of the main causes of the enzymatic browning of vegetables and fruits (Teng et al., 2020). During the whole storage, the PPO activity of fresh-peeled CWCs in both the control and ethanol-treated groups was higher than that in the eugenol-treated group. Moreover, the control group was significantly higher than the eugenol-treated group (Figure 5B). The PPO activity in the control and ethanol treatment groups reached 5.4 and 5.1 U g-1 on 5 d, while that of the eugenol treatment group was 4.5 U g-1.

POD is an important enzyme in the process of enzymatic browning and melanin synthesis (Toivonen and Brummell, 2008). As shown in Figure 5C, the POD activity of the control and ethanol-treated groups was higher than that of the eugenol-treated group throughout the storage. There were significant differences between the eugenol-treated group and the control and ethanol-treated groups in the late storage. By the end of storage, the POD activity of the control and ethanol-treated groups increased by 60.6 and 46.9%, while the eugenol-treated group increased by 36.9%.



The effect of EUG on H2O2 content, O2·- generation rate, OH·- production rate, and MDA content of fresh-peeled CWCs

H2O2 can directly or indirectly oxidize biological macromolecules in the cell and destroy the cell membrane, accelerating cell senescence and disintegration (Asaeda et al., 2018). It can be seen from Figure 6A that throughout the whole storage, the H2O2 content of the control and ethanol treatment groups was markedly higher than that of the eugenol treatment group. And the H2O2 content of the control and the ethanol-treated group was 3.7 and 1.9-fold as high as that of the eugenol-treated group on 5 d, respectively. O2·- is one of the most important reactive oxygen species (Kong et al., 2020). During the whole storage period, the O2·- production rate of fresh-peeled CWCs showed a downward trend (Figure 6B). The O2·- generation rate of the control and ethanol treatment groups was markedly higher than that of the eugenol treatment group on 2-5 d. During the whole storage, the O2·- production rate in the control and ethanol-treated groups decreased from 1.15 to 0.29 and 0.30 μmol g-1 min-1, while that of the eugenol-treated group decreased from 1.15 to 0.05 μmol g-1 min-1.




Figure 6 | Effects of eugenol treatment on the H2O2 content (A), O2·- production rate (B), OH·- production rate (C) and MDA content (D) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



OH·- is one of the most oxidative free radicals in ROS, which can react with almost all cellular components and cause great damage to plants (Dou et al., 2021). It can be seen from Figure 6C that the OH·- generation rate showed a trend of increasing first and then decreasing. And the eugenol-treated group was significantly lower than that of the control and ethanol-treated groups. In the last two days of storage, the OH·- generation rate of the control and ethanol treatment groups was about 1.4-fold that of the eugenol treatment group.

MDA is one of the membrane lipid peroxidation products of the cell membrane (Kong et al., 2020). The MDA content of the control and ethanol-treated groups steadily rose during the storage (Figure 6D), but that of the eugenol-treated group first decreased and then increased. The control and ethanol-treated groups were significantly higher than the eugenol-treated groups on 3-5 d. On 5 d, the MDA content of the control and ethanol-treated groups was 2.17-fold that of the eugenol-treated group.



The effect of EUG on CAT, SOD activity and DPPH free radical scavenging rate of fresh-peeled CWCs

CAT is present in peroxides, and its main function is to specifically catalyze the decomposition of H2O2 to generate H2O and O2 (Li et al., 2021). The CAT activity of fresh-peeled CWCs witnessed a fluctuation during the storage (Figure 7A). However, the CAT activity of the eugenol treatment group was significantly higher than that of the control and ethanol treatment groups throughout the storage. On 5 d, the eugenol-treated group was 1.9 and 1.8-fold more than the control and ethanol-treated groups.




Figure 7 | Effects of eugenol treatment on the activities of CAT (A), SOD (B) and DPPH radical scavenging ability (C) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



The catalytic effect of SOD is to inhibit the damage of O2·- to the plant body and establish the first line of defense to the antioxidant system (Peskin and Winterbourn, 2000). The SOD activity of the control and ethanol-treated fresh-peeled CWCs decreased first and then increased during the storage (Figure 7B), while the eugenol-treated group showed significantly higher SOD activity compared with that of the control and ethanol-treated groups. By the end of storage, the SOD activity in the eugenol treatment group reached 55.28 U g-1, while the control and ethanol-treated groups were 51.87 and 49.99 U g-1. Eugenol treatment increased SOD activity, inhibited the production of harmful substances and enhanced antioxidant capacity in fresh-peeled CWCs.

DPPH free radical scavenging rate is one of the indicators to evaluate the antioxidant capacity of plants (Chen et al., 2022). The DPPH free radical scavenging rate of fresh-peeled CWCs showed a fluctuating upward trend (Figure 7C). During the whole storage, the eugenol treatment group was consistently higher than the control and ethanol treatment groups, and there was a significant difference between the eugenol-treated group and the control group. On 5 d, the DPPH free radical scavenging rate in the eugenol-treated group was 51.5%, compared with 33.73% in the control group.



The effect of EUG on AsA, GSH content and APX, GR activity of resh-peeled CWCs

The AsA-GSH cycle is mainly composed of the interaction of AsA, GSH, APX and GR, and plays an important role in scavenging ROS. AsA is a vitamin substance widely distributed in plant tissues. It participates in the redox effect in the electron transport system in plants and is an important reducing agent in non-enzymatic antioxidant system of plants (Xu et al., 2022). The AsA content in fresh-peeled CWCs generally showed a downward trend (Figure 8A). The eugenol-treated group was higher than the control and ethanol-treated groups, and there was a significant difference between the eugenol-treated group and the control group from the third day to the end of storage. On the last day, the AsA content decreased by 39.3% and 40.2% in the control and ethanol-treated groups, respectively, while the eugenol-treated group decreased by 32.5%.




Figure 8 | Effects of eugenol treatment on the AsA content (A), GSH content (B), APX activity (C) and GR activity (D) of fresh-peeled CWC. Fresh-peeled CWCs were treated with tap water (CK), ethanol (EtOH) or eugenol (EUG). Error bars denote a standard error of the mean of triplicate assays. Different lowercase letters have shown significant differences (P<0.05).



As a common non-enzymatic antioxidant, GSH not only directly scavenges a range of ROS, but also participates in many other functions that keep cells in a favorable state (Wang et al., 2021). It can be seen from Figure 8B that the GSH content in fresh-peeled CWCs first increased and then decreased. During the entire storage period, the GSH content of the eugenol-treated group was higher than that of the other two groups, and there were significant differences between the control and eugenol-treated groups. On 5 d, the eugenol treatment group was 1.5 and 1.3-fold as high as the control and ethanol treatment groups.

APX and GR are antioxidant enzymes that work together with antioxidant substances to remove ROS to protect the integrity of the cell membrane (Xu et al., 2022). The APX activity of eugenol treatment group was higher than the other two groups. During the whole storage, and there was a significant difference in the later storage (Figure 8C). On 5 d, the eugenol-treated groups were 1.3 and 1.4-fold as high as the control and ethanol-treated groups, respectively.

The GR activity in the three groups showed an upward trend, and the eugenol-treated group was significantly higher than the control and ethanol-treated groups during the entire storage (Figure 8D). On the last day of storage, the eugenol-treated group rose to 1.55 U g-1, while the control and ethanol-treated groups were 0.68 and 0.73 U g-1.



Correlation analysis

The color change of fresh-peeled CWCs could directly reflect its storage quality (Valverde et al., 2005). As can be seen from Figure 9, the color difference L* value of fresh-peeled CWCs treated with eugenol was significantly positively correlated with O2 content, O2·- generation rate and AsA content. This suggests that eugenol treatment may delay the quality deterioration of fresh-peeled CWCs by inhibiting the rate of O2·- generation, reducing respiration intensity and loss of ascorbic acid. The color difference L* value was significantly negatively correlated with a*, b* value, browning degree, weight loss rate, the contents of CO2, total flavonoids, total phenolics, and MDA, antioxidant enzyme activities (PAL, PPO, SOD, and GR). This indicated that the eugenol treatment may reduce the degree of browning and weight loss rate, and improving the antioxidant capacity, thereby inhibiting the discoloration of fresh-peeled CWCs and prolonging its shelf life.




Figure 9 | Correlation heat map of each index of fresh-peeled CWCs treated with eugenol. (The color depth indicates the strength of the correlation, the redder the color, the stronger the positive correlation, and the bluer the color, the stronger the negative correlation).






Discussion

Due to the mechanical damage during the fresh-cut processing, fresh-peeled CWCs suffer quality deterioration, such as discoloration and nutrient loss (Song et al., 2019). The appearance of fresh-peeled CWCs gradually deteriorated during storage, which is consistent with the increase in a* and b* values and the decrease in the L* value. These results accorded with the changes in browning degree in fresh-peeled CWCs. Thus, eugenol treatment delayed the discoloration of fresh-peeled CWCs, which is similar to the results of eugenol treatment in eggplant fruit (Huang et al., 2019), fresh-cut lettuce (Chen et al., 2017), citrus fruit (Yang et al., 2021) and cucumber (Li et al., 2021). Meanwhile, the total soluble solids reflect the content of soluble sugar and other nutrients in fresh-peeled CWCs (Song et al., 2019). It is found that eugenol treatment effectively maintained the total soluble solids level of fresh-peeled CWCs, which is consistent with the results of eugenol treatment in eggplant fruit (Huang et al., 2019) and citrus fruit (Yang et al., 2021). It may be due to that eugenol treatment accelerates the converting of organic acids and starches to soluble sugars (Yang et al., 2021). However, fresh-peeled CWCs are susceptible to mechanical damage, and the respiration and transpiration are enhanced, so the water loss will increase and the weight loss rate will increase. Eugenol treatment not only delayed the loss of the total soluble solids content in fresh-peeled CWCs, but also reduced the loss of juice of its fruit, which reduced the weight loss rate of fresh-peeled CWCs treated with eugenol. Eugenol treatment reduced the weight loss rate of fresh-peeled CWCs, which was similar to the findings of eugenol-treated fresh-cut lettuce (Chen et al., 2017) and cucumber fruit (Li et al., 2021). The headspace gas composition could reflect the respiration intensity of fresh-peeled CWCs. The O2 content was higher and the CO2 content was lower after eugenol treatment. Therefore, eugenol treatment inhibited the respiration intensity of fresh-peeled CWCs and delayed the quality deterioration. And this is consistent with the results of eugenol-treated grape fruit (Valverde et al., 2005). In addition, many researchers have found that eugenol treatment can inhibit the growth of microorganisms, indicating that eugenol treatment has antiseptic and antibacterial effects (Zheng et al., 2013). Therefore, eugenol treatment could inhibit the respiration intensity of fresh-cut fruits and vegetables to maintain the quality of fresh-cut fruits and vegetables.

Phenolic metabolism is another important cause of discoloration (Pen and Jiang, 2003). After mechanical damage, the phenolic metabolism of fresh-cut fruits and vegetables will be activated (Pen and Jiang, 2003). PAL is an important enzyme in the metabolic pathway of phenylpropane for connecting phenylpropane metabolism with primary metabolism and catalyzing phenylalanine to generate cinnamic acids, followed by the production of flavonoids and other secondary metabolites (Min et al., 2017). Likewise, according to the study treating fresh-cut water chestnuts with exogenous ascorbic acid and ferulic acid, PAL is the key enzyme to promoting discoloration (Song et al., 2019). Throughout the storage, the PAL activity of fresh-peeled CWCs treated with eugenol was markedly lower than that of the control group (P<0.05). The total phenolics are key substrates that cause discoloration of fresh-cut vegetables and fruits, and also play antioxidant effects (Dou et al., 2021). In our study, eugenol treatment increased the total phenolic content of fresh-peeled CWCs, which is consistent with the results of eugenol treatment in eggplants (Huang et al., 2019) and tomatoes (Mirdehghan and Valero, 2017), and the active package containing eugenol for organic ready-to-eat iceberg lettuce (Wieczyńska and Cavoski, 2018). Moreover, in the study of fresh-peeled CWCs treated with 15 g/L eugenol emulsion, the eugenol emulsion treatment group exhibited higher content of p-hydroxybenzoic acid and chlorogenic acid (Teng et al., 2020). It may be that the increase in the content of these monophenols such as p-hydroxybenzoic acid and chlorogenic acid led to the increase in the total phenolic content of fresh-peeled CWCs. Under normal circumstances, the browning of vegetables and fruits is caused by the oxidation of phenolic substances into quinones, catalyzed by POD and PPO in the presence of oxygen (Huang et al., 2019). Quinones polymerize spontaneously and react with the side-chain groups of protein amino acid residues to produce black or brown substances (Toivonen and Brummell, 2008). The POD and PPO activity of fresh-peeled CWCs treated with eugenol were markedly lower than those of the control group during the whole storage (P<0.05), which is consistent with the results of fresh-cut lettuce treated with eugenol (Chen et al., 2017). Similar to the suppressed PPO and POD activity, fresh-peeled CWCs treated with eugenol showed lower total content of soluble quinones. However, some researchers believe that the cause of fresh-peeled CWCs discoloration is yellowing instead of enzymatic browning and that flavonoids such as naringenin and eriodictyol are the major substances of yellowing (Pan et al., 2015; Song et al., 2019). Throughout the storage, the total flavonoid content of fresh-peeled CWCs treated with eugenol was markedly lower than that of the control group (P<0.05). This suggests that eugenol treatment may delay the discoloration of fresh-peeled CWCs by inhibiting the production of total flavonoids. Therefore, eugenol treatment not only inhibited the production of flavonoids and quinones to a certain extent, but also reduced the production of PAL, PPO, POD. Moreover, eugenol treatment promoted the production of some phenolic substances, improved the antioxidant capacity of fresh-cut fruits and vegetables, and inhibited their discoloration.

The imbalance of ROS metabolism is an important reason for causing discoloration of vegetables and fruits during fresh-cutting (Tripathy and Oelmüller, 2012; Li et al., 2022). ROS mainly consists of H2O2, superoxide radicals (O2·-), hydroxyl radicals (OH·-) and lipid peroxides (MDA). H2O2 can directly or indirectly oxidize biological macromolecules in cells, such as nucleic acids and proteins, thereby accelerating cell senescence and disintegration (Asaeda et al., 2018). The increase in O2·- generation will cause membrane lipid peroxidation, thereby accelerating the senescence of plant tissues (Kong et al., 2020). OH·- is one of the most oxidative free radicals that can react with all cells and cause damage to the plant body (Dou et al., 2021). As one of the membrane lipid peroxidation products of cell membranes, MDA can damage the cell membrane of plant tissues and accelerate discoloration (Kong et al., 2020). During the whole storage process, the contents of H2O2 and MDA and the production rate of O2·- and OH·- in fresh-peeled CWCs treated with eugenol were markedly lower than those in the control group (P<0.05). This finding is consistent with research results of eugenol treated eggplant fruit (Huang et al., 2019) and cucumbers treated by double layer membrane loading eugenol (Li et al., 2021). So, the eugenol treatment inhibited the accumulation of these harmful substances. There is a complete ROS scavenging system in vegetables and fruits. It mainly including antioxidant enzymes and antioxidants (Li et al., 2021), which can not only exert their own antioxidant effects, but also coordinate with each other to scavenge ROS. A main function of CAT is to catalyze the decomposition of H2O2 to generate H2O and O2 (Li et al., 2021). SOD is the first line of defense to inhibit the damage of O2·- on plant bodies and establish an antioxidant system (Yang et al., 2021). During the whole storage process, the fresh-peeled CWCs treated with eugenol showed higher CAT and SOD activities than the control group (P<0.05). Similarly, SOD and CAT activity were markedly enhanced in citrus fruits treated by eugenol nano-emulsion (Yang et al., 2021) and eugenol emulsion-treated fresh-cut water chestnuts (Zhu et al., 2022). DPPH free radical scavenging rate is closely related to plant antioxidant capacity (Chen et al., 2022). It can be seen from the experimental results that the DPPH free radical scavenging rate in the eugenol treatment group was significantly higher than that in the control group (P<0.05). This result was similar to that of strawberry treated with eugenol (Wang et al., 2007), which also enhanced the DPPH free radical scavenging rate. Therefore, eugenol treatment improved the antioxidant capacity of fresh-peeled CWCs. The AsA-GSH cycle is mainly composed of the interaction of AsA, APX, GSH and GR, and plays an important role in scavenging ROS. During the whole storage process, the AsA and GSH contents and APX and GR activities of fresh-peeled CWCs treated with eugenol were higher than those of the control and ethanol-treated groups. This is similar to the results of treating fresh-cut CWCs with hydrogen sulfide (Dou et al., 2021), fresh-cut pears treated with high carbon dioxide (Wang et al., 2021), and fresh-cut pitaya fruit pretreated with hot air (Li et al., 2022). Therefore, eugenol treatment results in an increase the contents of these antioxidants and the activities of antioxidant enzymes in fresh-peeled CWCs. Moreover, eugenol treatment could inhibit the production of ROS metabolism, thereby inhibiting the spoilage and aging of fresh-cut fruits and vegetables, and reducing the accumulation of harmful substances. Meanwhile, eugenol treatment could promote the generation of antioxidant enzymes and antioxidants in the ROS scavenging system to maintain the quality of fresh-cut fruits and vegetables, and play a very important role in extending their shelf life.



Conclusions

This study indicated that eugenol treatment could effectively delay the surface discoloration, reduce the degree of browning, weight loss rate and the loss of soluble solids and increase the O2 content, reduce the CO2 content in fresh-peeled CWCs. Moreover, eugenol treatment markedly decreased the content of total flavonoids and soluble quinones and inhibited the activity of POD, PPO, and PAL of fresh-peeled CWCs. In addition, eugenol treatment increased the total phenolic content and DPPH radical scavenging rate, and improved the antioxidant ability of fresh-peeled CWCs. In particular, the ROS production (H2O2, O2·- and OH·-) and MDA level were suppressed by eugenol treatment, while promoting the production of antioxidants (AsA and GSH), and enhanced the activities of antioxidant enzymes (CAT, SOD, APX and GR). In summary, the fresh-peeled CWCs after eugenol treatment can effectively maintain the storage quality by inhibiting the phenolic metabolism, improving the antioxidant capacity and scavenging the ROS. Thus, eugenol treatment has broad potential for the preservation of fresh-cut vegetables and fruits in future.
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Introduction

Exogenous melatonin (EMT) application has been used to reduce postharvest senescence and improve the quality and antioxidant enzyme activities of papaya fruits during cold storage.



Methods

The effects of exogenous melatonin application (1. 5 mM) were investigated on papaya fruits during cold storage (10°C ± 2°C) for 28 days in the present study.



Results and discussion

The EMT treatment delayed postharvest senescence significantly with lower maturing status compared with untreated papaya fruits (control). In addition, EMT treatment maintained substantially higher titratable acidity values and ascorbic acid content but significantly lower soluble solids content and lower weight loss compared with the untreated fruits. Concerning the antioxidant capacity, the EMT-treated papaya fruit exhibited markedly higher total phenolic content and, consequently, higher DPPH-radical scavenging activity than the control group. The EMT treatment not only kept a higher enzyme activity of superoxide dismutase, peroxidase, and catalase but also significantly inhibited the accumulation of hydrogen peroxide and malondialdehyde, along with satisfying sensory attributes.



Conclusion

The findings of this study indicated that EMT application could be commercially used as an eco-friendly strategy to reduce postharvest senescence and maintain the fresh-like quality traits of papaya fruit during cold storage.
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Introduction

Papaya (Carica papaya L.) is an economically important fruit that is mostly grown in tropical and subtropical zones of many countries (Wu et al., 2019). It is considered a rich source of bioactive compounds, phytochemicals, and minerals (Oloyede, 2005). Papaya is a climacteric fruit and ripens rapidly after postharvest. Several physical and biochemical changes cause pulp softening, skin discoloration, and fungal infection, significantly limiting papaya’s postharvest life (Escamilla-García et al., 2018; de Vasconcellos Santos Batista et al., 2020). Additionally, papaya fruits are prone to chilling injury during cold storage and fast quality deterioration during transportation due to the higher vulnerability of their delicate skin to mechanical damage (Nunes et al., 2006; Zerpa-Catanho et al., 2017). Papaya incurs up to 25% postharvest losses from the field to the retail level, where fungal diseases cause the majority (93%) of these losses. Similarly, 5% to 40% losses may occur during air and sea transit, depending on papaya handling and packaging methods (Nunes et al., 2006; Gajanana et al., 2010). Generally, ripe papaya fruits maintain fresh-like quality for 1 week at 25°C and for 14 days at 12°C (Wu et al., 2019). Most of the approaches adapted to control the postharvest deterioration of papayas either have high economic costs or require a high input of synthetic chemicals which posed a high risk to the environment and human health. Therefore, there is a need for an efficient and eco-friendly strategy to prolong the shelf life of papaya.

Recently, several methods, such as the application of putrescine (Hanif et al., 2020b), ozone (Ong et al., 2013a), bioactive extracts (Albertini et al., 2016) alone or combined with hot water treatment (Vilaplana et al., 2020), gamma and UV-C irradiation (Zhao et al., 1996; Cia et al., 2007), and edible coatings (Maqbool et al., 2011; Hamzah et al., 2013; Dotto et al., 2015; Dos Passos et al., 2020), have been extensively employed to enhance the postharvest storage quality of papaya fruits. Ong et al. (2013b) reported variations in physicochemical traits and antioxidant concentration during the postharvest ripening of papaya cv. Frangi. Moreover, the quality of fresh-cut products was kept by using postharvest green and innovative chemical treatments, which substantially inhibited microbial infestation (Ali et al., 2018). An increasing trend has recently been noticed which is using melatonin treatment to delay ripening and postharvest decay and to increase resistance against oxidative stress in stored fruits (Huang and Vanyo, 2020; Li et al., 2017). Fan et al. (2022) reported that melatonin application has safe commercial use in addition to enhancing storage potential and maintaining postharvest quality traits of various fruits.

Melatonin (N-acetyl-5-methoxytryptamine) has been implicated in abiotic and biotic stress tolerance in plants. Melatonin is an important pleiotropic molecule with multiple physiological and cellular actions in plants and is considered an efficient antioxidant and nutritional supplement for humans (Galano et al., 2011; Reiter et al., 2015; Sun et al., 2015; Liu et al., 2018; Yan et al., 2020). Wang et al. (2020) reported that melatonin is a ubiquitous signaling molecule involved in different plant growth and development processes, leading to improved crop yield and fruit storage life. Recently, the impact of exogenous melatonin (EMT) application to delay postharvest senescence and its effect on the biochemical and antioxidative defense system of fruits have gained extensive consideration. EMT application has been used to delay ripening and senescence, maintain quality, and increase postharvest life during storage in various fresh products such as tomato, peach, and strawberry fruits (Gao et al., 2016; Ma et al., 2016; Aghdam and Fard, 2017). EMT treatment also increased the endogenous melatonin level and improved the nutraceutical properties of various fruits including sweet cherries, bananas, and litchis (Hu et al., 2017; Wang et al., 2019; Wu et al., 2021). Melatonin treatments decreased fruit senescence by trapping reactive oxygen species (ROS) and malondialdehyde (MDA) content while improving the antioxidant activities and phenolic concentration (Li et al., 2017; Wang et al., 2019). EMT application significantly decreased the content of MDA and hydrogen peroxide (H2O2) and maintained higher superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and glutathione reductase (GR) enzyme activities than control and retained the integrity of the membrane wall in sweet cherry fruits (Sharafi et al., 2021). Wang et al. (2021) found that EMT application also delayed low-temperature injury, lowered peel browning, and increased the antioxidant defense system which contributed to lower H2O2 and O2− production rates in banana fruit. Based on the abovementioned advantages, EMT treatment might be safe and eco-friendly and a better alternative to various chemical treatments in maintaining fresh-like fruit quality during storage. However, such studies on papaya fruit during cold storage are very limited and not complete.

Therefore, the aim of this research was to investigate the effect of EMT treatment in reducing postharvest senescence and maintaining the fresh-like quality of papaya fruit during cold storage (10°C for 28 days).



Materials and methods


Fruit materials and treatment

Papaya (C. papaya L. Cv. Red Lady) fruits were harvested at two physiological stages of maturation (with green and a trace of yellow) from a local orchard located at Faisalabad, Punjab, Pakistan, and kept under shade. Healthy and uniformly sized (450– 550 g) papaya fruits were selected and immediately delivered to the laboratory. The papaya fruits were washed with water to remove dirt before soaking in a disinfectant [sodium hypochlorite (0.1%, v/v)] solution for 2 min. Then, the fruits were rinsed and air-dried. For melatonin treatment, the fruits were divided into two groups. The first group of papaya fruits (control) was dipped only in distilled water, whereas the second group was treated with 1. 5 mM of melatonin for 10 min. A preliminary experiment on papaya fruits was conducted with four melatonin concentrations of 0.5, 1, 1.5, and 2 mM. Finally, 1. 5 mM of melatonin concentration was screened out for further experiments. The fruits were air-dried for 30 min and then stored at 10° C ± 2°C and 90%–95% relative humidity (RH) for 28 days after the treatments. Papaya fruits were sampled at 7-day intervals. Each treatment was comprised of three biological replications, each consisting of 20 fruits. The samples were frozen with liquid nitrogen and kept at −40°C for further analysis. The data were recorded at each sampling point through the storage period.



Determination of decay incidence and weight loss

Papaya fruits with visible symptoms of rot and fungal or bacterial infections were considered as decay. In each treatment, the decay rate was measured by dividing the number of decaying fruits in relation to the total quantity of fruits. The results were expressed in percentage of decayed fruit. Regarding weight loss, three papaya fruits were marked and weighed at each interval using a digital electronic balance (EK-600H, Japan). The outcomes were presented as a percentage of weight reduction with respect to the initial weight.



Determination of soluble solids content, titratable acidity, ripening index, and ascorbic acid content

The juice of the papaya fruits was prepared using a juicer machine (DN-DOB, DEURON, Japan) for chemical analysis. To determine the soluble solids content (SSC), a drop of juice was placed on the cleaned prism plate of a digital refractometer (RX 5000, Atago, Japan). Prior to taking reading, distilled water was used to calibrate the refractometer at room temperature (27°C). After measurements, distilled water was used to clean up the prism of the refractometer for further analysis and SSC was expressed as °Brix.

The measurement of titratable acidity (TA) was obtained according to the procedure of Hortwitz (1960). For TA measurement, 10 ml of fresh juice and 50 ml of distilled water were added to a 100-ml conical flask. TA was measured by the titration method using 0. 1 N of NaOH in the presence of phenolphthalein (one to two drops) as a pH indicator. Titration was continued until the achievement of the endpoint of pink color and the data were expressed as percent TA. The ripening index was determined by taking the ratio between SSC and TA (SSC: TA ratio).

The content of ascorbic acid (AsA) in papaya fruits was measured according to the method of Ruck (1961) by using 2, 6-dichlorophenolindophenol as a dye. For this, the samples were prepared by taking 5 ml of papaya juice extracted from three fruits per replication. Furthermore, 90 ml of 0.4% oxalic acid solution was added to the juice in a volumetric flask (100 ml). After filtration, an aliquot of 5 ml was titrated against the dye until a pink color appeared and remained at least for a period of 15 s. The results were expressed as mg of ascorbic acid per 100 ml of fruit juice.



Determination of total sugar, reducing sugar, and non-reducing sugar (%)

Total, reducing, and non-reducing sugars of papaya fruits were evaluated using the standard method of Hortwitz (1960) by using a specified titration procedure.



Measurement of total phenolic content and DPPH-radical scavenging activity

The total phenolic content in papaya fruit was estimated using the Folin–Ciocalteu reagent as suggested by Razzaq et al. (2013) with slight modification. The supernatant was extracted, vortexed, incubated, and then centrifuged at 13,000 × g. Finally, the absorbance was measured by using a spectrophotometer at 765 and 517 nm. The results were reported as mg of gallic acid equivalent (GAE)/100 g FW.

DPPH-radical scavenging activity (DPPH-RSA) was determined using the free radical 2,2-diphenyl-1-picrylhydrazyl as reported by Brand-Williams et al. (1995), and the results were expressed in percentage.



Measurement of malondialdehyde and hydrogen peroxide contents

The determination of MDA content was conducted by using the thiobarbituric acid (TBA) assay (Hodges et al., 1999) with slight changes. Two grams of papaya pulp was mixed with 5 ml of 30 mM trichloroacetic acid and centrifuged (10,000 × g for 10 min at 4°C). The supernatant (1 ml) was mixed with 3 ml of 0.67% TBA and heated for 20 min. After cooling at room temperature, the absorbance was recorded at 450, 532, and 600 nm. MDA values were expressed as nmol g−1 FW. The measurement of H2O2 content was performed using the method of Ferguson et al. (1983) with minor modifications. Shortly, papaya pulp (1 g) was weighed, and 5 ml of precooled acetone was added to the sample, followed by homogenizing the sample and centrifuging (10,000 × g) for 10 min at 4°C. Afterward, 0.5 ml of the supernatant was mixed with precooled acetone (0. 5 ml), TiCl4–HCl (0. 1 ml, 10%), and concentrated ammonia (0. 2 ml). Then, the mixture was centrifuged (10,000 × g at 4°C for 15 min), the precipitate was then mixed with H2SO4 (3 ml, 2 mol L−1), and the absorbance of the solution was measured at 412 nm. H2O2 production rate was expressed as mmol kg−1.



Determination of antioxidant enzyme activities

For the determination of antioxidant enzyme activities, the papaya pulp sample (1 g) was homogenized with phosphate buffer (pH 7.2), and then the homogenate was centrifuged at 10,000 × g for 10 min at 4°C. The supernatant was collected for further assessment of enzymatic activities.

The SOD activity of papaya was determined according to the method of Stajner and Popovic (2009) with slight modifications. Shortly, the reaction mixture consisted of 500 μl of phosphate buffer (50 mM, pH 5), 200 μl of methionine (22 μM), 100 μl of NBT (20 μM), 200 μl of Triton X (0. 1 μM), and 100 μl of riboflavin (0. 6 μM), along with 800 μl of distilled water and 100 μl of enzyme extract. Then, the mixture was incubated in a box under luminous lamps for 15 min. The changes in absorbance were monitored and recorded at 560 nm, and SOD activity was calculated as U mg−1 protein. The POD activity of papaya fruit extract was determined according to Liu et al. (2014) with minor changes. Briefly, the reaction mixture, containing 0. 5 ml of crude extract and 2 ml of guaiacol substrate, was incubated at 30°C for 5 min, and 1 ml of H2O2 (24 mM) was added to it. The change in absorbance at 460 nm was monitored, and POD activity was expressed as U mg−1 protein. Catalase activity was measured as outlined by Lafuente et al. (2004). The reaction mixture, comprised of enzyme extract (100 μl), 50 mM of sodium phosphate buffer (pH 7.0), and 130 mM of H2O2, was incubated at 37°C for 1 min. Furthermore, ammonium molybdate (32. 4 mM) was added to the mixture and shaken for 1 min. The absorbance fluctuation of 0. 01 units per minute was considered as one catalase activity unit (U mg−1 protein).



Sensory evaluation

The changes in the appearance, staste, aroma, and sweetness of papaya fruits during the storage period were evaluated by using a 9-point hedonic scoring scale (Lawless and Heymann, 2010). Papaya fruits were peeled off, sliced, and presented to the trained panel on randomly arranged white plates for the scoring. The hedonic score points varied from 1 = dislike extremely and 5 = neither like/nor dislike to 9 = like extremely. However, to indicate the acceptability of the fruit, a score of ≥ 6 “I like it slightly” was considered.



Statistics

The experiment was conducted according to a completely randomized block design with the factorial arrangement. The data were subjected to the analysis of variance (ANOVA) procedure by using Statistix 8.1 (USA) statistical software, and significant differences among treatment means were calculated using the least significance difference test (P ≤ 0.05).




Results


Effect of EMT treatment on decay incidence and weight loss rate

In the present study, the decay incidence gradually increased across the two treatments in papaya fruits during storage. However, a higher decay incidence was recorded in the control than in EMT-treated papaya fruits (P < 0.05). Moreover, EMT treatment substantially reduced fruit decay, and the incidence was 66% lower than that of untreated fruits on 28 days of cold storage (Figure 1A). Irrespective of the treatments, there was an increased weight loss in papaya fruits during postharvest storage (Figure 1B). However, the EMT-treated fruits exhibited significantly reduced weight loss (49% less) compared with the control on 28 days of storage.




Figure 1 | Effect of exogenous melatonin (EMT) treatment on fruit decay (A) and weight loss (B) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with similar letters show no statistical difference according to the least significant difference test (P < 0.05).





Effect of EMT treatment on soluble solids content, titratable acidity, ripening index, and ascorbic acid content

The SSC content increased regardless of treatments throughout the storage duration (Figure 2A). However, the EMT-treated papaya fruits showed a substantially (P < 0.05) limited increase with respect to the control fruits throughout the storage. The EMT-treated fruits had 20% lower SSC content than the control group on 28 days of storage. Overall, melatonin treatment inhibited SSC accumulation in papaya fruits (Figure 2A). Moreover, EMT treatment significantly decelerated the decrease in TA during the whole storage period (P < 0.05). The EMT-treated papaya fruits exhibited significantly higher (96% higher) TA values than the control group on 28 days of storage (Figure 2B).




Figure 2 | Effect of EMT treatment on soluble solids content (A), titratable acidity (B), ripening index (C), and ascorbic acid (D) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with the same letters show no statistical difference according to the least significant difference test (P < 0.05).



Following EMT application, the ripening index was significantly (P < 0.05) reduced in treated papaya fruits during the storage duration (Figure 2C). The EMT-treated fruits showed a lower (14% to 48%) ripening index from 7 to 28 days of storage as compared with the untreated fruits, respectively. AsA content exhibited a decreasing trend regardless of the applied treatments (Figure 2D). However, EMT treatment maintained a considerably (P < 0.05) higher (14% to 43%) concentration of ascorbic acid than the control group between 7 and 28 days of storage.



Effect of EMT treatment on total sugar, reducing sugar, and non-reducing sugar

Total sugar, reducing sugar, and non-reducing sugar contents changed gradually in papaya fruits throughout the storage period (P < 0.05; Figures 3A–C). All the three kinds of sugar content were increased in the control during the storage, while the EMT-treated fruits were not changed so obviously except for 7 and 28 days as compared with the 0 days. The EMT-treated fruits had considerably less total sugar (38%), reducing sugar (19%), and non-reducing sugar (59%) as compared with the control fruits on 28 days of storage (Figures 3A–C).




Figure 3 | Effect of EMT treatment on total sugar (A), reducing sugar (B), and non-reducing sugar (C) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with the same letters show no statistical difference according to the least significant difference test (P < 0.05).





Effect of EMT treatment on malondialdehyde and hydrogen peroxide content

In this study, MDA content increased significantly during the storage, while the EMT treatment significantly inhibited the accumulation of MDA compared with the control from 14 to 28 days (P < 0.05; Figure 4A). In addition, the EMT-treated papaya fruits showed 18% lower MDA content with respect to the untreated fruits on 28 days of cold storage. As shown in Figure 4B, the H2O2 contents were increased in both EMT-treated papaya and control fruits throughout the cold storage period. However, the EMT-treated papaya fruits delayed the increase of H2O2 contents and exhibited 30% lower H2O2 contents than the control group on 28 days of storage (P < 0.05; Figure 4B).




Figure 4 | Effect of EMT treatment on MDA (A) and H2O2 content (B) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with the same letters show no statistical difference according to the least significant difference test (P < 0.05).





Effect of EMT application on total phenolic content and DPPH-RSA

Total phenolic contents (TPCs) were moderately enhanced from 7 to 28 days in both EMT-treated and untreated fruits (P < 0.05). However, the EMT-treated papaya fruits displayed 15% higher TPC than the untreated fruits on 28 days of storage (Figure 5A). DPPH-RSA activity in the stored papaya fruits was significantly (P < 0.05) increased up to 21 days and then decreased up to 28 days of storage. However, DPPH-RSA activity was significantly higher in the EMT-treated fruits and peaked on 21 days of storage (33% higher) as compared with that of the untreated fruits (Figure 5B). DPPH-RSA in the EMT-treated papaya fruits remained 27% higher than in the untreated fruits on 28 days of storage.




Figure 5 | Effect of EMT treatment on total phenolic content (A) and DPPH-RSA activity (B) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with the same letters show no statistical difference according to the least significant difference test (P < 0.05).





Effect of EMT treatment on antioxidant enzymes

The activity of SOD substantially (P < 0.05) increased in the EMT-treated papaya fruits compared with the control group during the storage period (Figure 6A). EMT treatment enhanced SOD activity by almost 14% compared with the control papaya fruits on 28 days of storage. Peroxidase activity gradually increased in both EMT-treated and control fruits during the entire storage duration (Figure 6B). However, the EMT-treated fruits showed significantly higher (25%) levels of POD activity than the untreated fruits on 28 days of storage (P < 0.05). CAT activity significantly increased during the storage except for the interval between 7 and 14 days in the EMT-treated fruits, while the activity only increased slightly from 0 to 14 days in the control (Figure 6C). The EMT treatment significantly induced CAT activity from 14 to 28 days of storage and promoted CAT activity by 12% as compared with the control on 28 days of storage (P < 0.05; Figure 6C).




Figure 6 | Effect of EMT treatment on superoxide dismutase (U mg−1 protein) (A), peroxidase (U mg−1 protein) (B), and catalase (U mg−1 protein) (C) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with the same letters show no statistical difference according to the least significant difference test (P < 0.05).





Effect of EMT treatment on sensory attributes

The EMT-treated fruits had significantly improved sensory attributes such as taste, sweetness, aroma, and overall acceptability as compared with the untreated papaya fruits on 28 days of storage (Figures 7A–F). While most of the sensory attributes gradually decreased in both EMT-treated and control papaya fruits, the EMT-treated papaya fruits maintained higher taste (38%), sweetness (28%), aroma (49%), and overall acceptability (36%) than the untreated fruits at the end of the storage period (P < 0.05; Figures 7C–F).




Figure 7 | Effect of EMT treatment on visual quality (A, B), taste (C), sweetness (D), aroma (E), and overall acceptability (F) of papaya fruits during cold storage. Data collected from the mean of three replicates, and vertical bars indicate the standard error of the means. Mean values with different letters show significant differences, and those with the same letters show no statistical difference according to the least significant difference test (P < 0.05).





Correlation analysis

The correlation analysis of different parameters showed that decay incidence was positively correlated with weight loss, soluble solids contents, ripening index, total sugar, reducing sugar, non-reducing sugar, MDA, H2O2, SOD, POD, and CAT (P < 0.05; Figure 8). Moreover, decay incidence was significantly negatively correlated with titratable acidity, ascorbic acid, taste, sweetness, aroma, and overall acceptability (P < 0.05; Figure 8). Our results suggest that EMT treatment substantially reduced decay incidence and weight loss rate and maintained the higher antioxidant enzyme activities (SOD, POD, CAT) by inhibiting the rate of MDA and H2O2 contents. This indicated that EMT treatment maintained the sensory quality and prolonged the shelf life of papaya during cold storage.




Figure 8 | Correlation heat map analysis of each variable of EMT-treated papaya fruits during cold storage. The intensity of color represents the strength of the correlation: the blue color indicates a positive correlation, and the red color displays a negative correlation. The symbol * expresses significant correlations.






Discussion

Mostly, postharvest decay incidence and weight loss occur because of increased respiration rate and fungal pathogen infection in papaya fruits. Different fungicides have been used to manage and control fruit decay; however, consumers are increasingly concerned about the use of synthetic chemicals because of their negative effects (Hanif et al., 2020a). Consequently, melatonin, a ubiquitous molecule, has shown great potential for extending the postharvest life of fresh produces (Nawaz et al., 2016; Aghdam et al., 2019; Tiwari et al., 2020; Bose and Howlader, 2020). Fruit decay during storage is one of the major problems for the fresh food industry, which results in high losses and inferior fruit quality, hampering the fruits’ marketability. Higher respiration and ethylene production rapidly increase weight loss in fruits and vegetables during storage. Likewise, Ong et al. (2013b) reported a significant increase in weight loss during the postharvest ripening of papaya. In the present study, EMT treatment significantly decreased the senescence and weight loss rate in comparison to the control during the whole storage period. Similar findings have been reported, where EMT-treated strawberry fruits exhibited substantially lower senescence and weight loss rates during cold storage (Liu et al., 2018). In papaya fruits (Hanif et al., 2020b) and cherries (Correia et al., 2017), weight loss increases during storage due to higher respiration and evaporation rate and fast utilization of stored metabolites for cellular metabolic activities. Likewise, Gao et al. (2016) reported that exogenous EMT treatment markedly reduced peach quality deterioration and weight loss during storage. Recently, studies have demonstrated that EMT treatment significantly reduced weight loss, delayed senescence, and improved the resistance against abiotic stress in sweet cherry fruits (Wang et al., 2019).

In this study, melatonin treatment effectively maintained higher titratable acidity and ascorbic acid content during storage, whereas it significantly reduced the change in SSC, ripening index, and sugar contents in stored papaya fruits. Our results agreed with the earlier studies of Liu et al. (2018) who noticed that EMT treatment at 0. 1 mM substantially reduced SSC and higher acidity which contributed to the delay in the senescence of strawberry fruits under cold storage conditions. Similarly, Gao et al. (2016) determined that EMT treatment significantly maintained the levels of ascorbic acid content in peach fruits as compared with the control. Likewise, ozone treatments effectively reduce the microbial population and maintained the quality traits of papaya fruit during storage (Kying and Ali, 2016). Bal (2019) reported that exogenous EMT (1 mM) treatment on plum fruits caused lower SSC and higher titratable acidity values which contributed to the slowing down of senescence in the treated fruits. The sugar–acid ratio is considered an important indicator of fruit flavor and consumer acceptance and appreciation (Gao et al., 2016). Meanwhile, a low ripening index indicated the suitability of treated fruits for a prolonged storage period. In our study, the EMT-treated fruits led to reduced ripening index values and a slow ripening process which resulted in an extended storage life of the papaya fruit. This is in agreement with previous studies on papaya and plum fruits (Bal, 2019; Hanif et al., 2020b).

Starch breakdown increases the accumulation of simple sugars during the ripening of fruits (Hanif et al., 2020b). In this study, total, reducing, and non-reducing sugars exhibited a higher accumulation trend in the control than in the EMT-treated fruits. A lower accumulation of sugars is an important indicator of delayed postharvest ripening and senescence due to the inhibition of amylase and phosphorylase enzyme activity (Hanif et al., 2020a). In addition, sugars influenced fruit flavor and consumers’ acceptability for sweetness, and organic acids contributed to the increase of sugar levels as respiratory substrates (Hu et al., 2017).

Total antioxidants and TPC are important nutritional quality traits for stored fruits and vegetables. Our results showed that following EMT treatment, TPC content and DPPH scavenging activity gradually increased and remained high during the entire storage. Ghasemnezhad et al. (2010) reported that chitosan-coated peach fruits with higher TPC and DPPH scavenging activity showed higher anti-senescence properties than the control group during cold storage. The salicylic acid treatment increased the levels of TPC and DPPH scavenging activity in papaya fruits stored at 12°C for 28 days (Hanif et al., 2020b). The EMT treatment increased DPPH scavenging potential that ultimately stimulated non-enzymatic antioxidative defense levels. EMT application delayed senescence and led to a higher accumulation of TPC and flavonoid compounds that induced a higher antioxidant potential and inhibited the synthesis of H2O2 in stored strawberry (Liu et al., 2018), sweet cherry (Sharafi et al., 2021), and tomato fruits (Sharafi et al., 2019) under cold storage. Recently, various researchers have suggested that higher activities of phenylpropanoid pathway enzymes along with lower activities of polyphenoloxidase enzymes improve phytochemical accumulation and DPPH scavenging capacity in fresh produce (Gao et al., 2016; Aghdam et al., 2019).

Exogenous melatonin application plays an important role in enhancing the activity of ROS scavenging enzymes that combat various ROS, thereby maintaining the membrane’s integrity within fruit tissues (Zhao et al., 2013; Zhang et al., 2018). Antioxidant enzymes (SOD, POD, CAT, APX) regulate lipid peroxidation and accumulation of ROS (Xu et al., 2019). Enhanced antioxidant enzyme activities may reduce the peroxidation of lipids which consequently delays senescence in peach fruits (Flores et al., 2008). In the present study, EMT application promoted the activity of antioxidant enzymes in stored papaya fruits. Similar results have been observed by Gao et al. (2016), who reported that delayed fruit decay and higher antioxidant enzyme activities were related to the increased cell wall integrity and lower cell wall- degrading enzyme activities in EMT-treated peach fruits. Likewise, our findings are in line with previous studies whereby SOD, POD, and CAT activities increased in sweet cherries following EMT treatment (Wang et al., 2019). A similar result was also obtained by Arnao and Hernandez-Ruiz (2018), who reported that EMT treatment increased antioxidant enzyme activities and reduced the biosynthesis of ROS which inhibited ethylene biosynthesis and, consequently, halted the fruit ripening process. A similar observation has been reported in blueberry and pear (Zhai et al., 2018; Shang et al., 2021) and banana (Hu et al., 2017) fruits during storage. So, EMT treatment reduced oxidative stress which contributed to slowing down senescence and maintaining the fresh-like quality of papaya fruit for an extended storage duration.

The disintegration of cellular membranes is highly related to elevated electrolyte leakage and, consequently, rapid fruit senescence (Duan et al., 2011). Excessive accumulation of MDA levels is often related to the loss of cellular membrane integrity during fruit storage (Duan et al., 2011; Yang et al., 2014). The activities of antioxidant enzymes in plants are important in reducing the level of MDA, delaying senescence, and maintaining cellular redox status (Jimenez et al., 2002). In the present study, EMT treatment reduced H2O2 and MDA levels as compared with the untreated papaya fruits. Melatonin was considered an antioxidant compound which improved the storage quality and life of cherry fruits by limiting oxidative stress (Yu et al., 2013). In the same context, Shang et al. (2021) reported that EMT treatment significantly decreased H2O2 and MDA biosynthesis, the main oxidative stress markers, which delayed senescence in blueberry fruits during storage. Recently, Xu et al. (2019) reported multifaceted mechanisms, following the EMT treatment of fruits and vegetables, such as ROS neutralization, an increase in antioxidant enzyme activities and non-enzymatic antioxidant levels, and protein repairs. It has been reported that the loss of subcellular compartmentalization following cellular breakdown resulted in higher utilization of phenolics as substrates and led to the reduction of postharvest storage quality of various horticultural produces (Yang et al., 2014; Wang et al., 2019). Similarly, Fu et al. (2017) reported that EMT treatment of Elymus nutans improved the antioxidant enzyme activities, suppressed the MDA content, and exhibited higher tolerance to cold stress.

Sensory attributes are important quality parameters for consumers’ acceptance of fruits and vegetables (Radi et al., 2017). In our study, EMT application maintained higher sensory quality traits compared with the untreated papaya fruits. Generally, there is a loss of consumer acceptance for fresh produce following unsatisfactory sensory quality or a decline in phytochemical and nutritional quality, especially after storage. Liu et al. (2018) noticed lower SSC and higher titratable acidity which significantly delayed the postharvest senescence process and preserved the sensory attributes of EMT-treated strawberry fruits stored at 4°C. Similarly, Onik et al. (2021) noticed a better skin appearance of stored apples following EMT treatment. Our results are in agreement with the studies on peaches (Cao et al., 2018), pears (Zhai et al., 2018), and banana fruits (Hu et al., 2017), which noticed that EMT treatments significantly delayed decay incidence and senescence, improved nutritional profiles, and conserved the sensory attributes. Recently, Wang et al. (2019) reported that EMT treatment may lead to a higher accumulation of endogenous melatonin and phenolic compounds, an improvement in overall nutritional quality, and a decline in H2O2 and MDA concentrations in sweet cherry fruits. The application of EMT enhanced the shelf life of fresh produces and was generally recognized as safe for human health (Zhai et al., 2018; Ze et al., 2021). Therefore, EMT treatment might be an efficient tool for boosting ROS scavenging abilities and improving the quality attributes of papaya fruits during cold storage.



Conclusion

In this study, the comprehensive beneficial effects of EMT treatment on papaya fruit quality were evaluated, including the assessment of the main physicochemical traits, bioactive compound content, antioxidant activity, and ROS scavenging enzyme activities during cold storage. EMT application effectively delayed postharvest senescence, reduced weight loss, and maintained higher TA, lower SSC, and ripening index compared with the control. Furthermore, EMT application stimulated the accumulation of phenolic content and higher DPPH-scavenging abilities in papaya fruits. In addition, EMT treatment markedly suppressed the levels of ROS and MDA by enhancing the antioxidant enzyme activities in papaya fruits during cold storage. Therefore, EMT application is a promising method for delaying senescence, maintaining quality attributes, and extending the postharvest life of papaya during cold storage.
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In postharvest handling systems, refrigeration can extend fruit shelf life and delay decay via slowing ripening progress; however, it selectively alters the biosynthesis of flavor-associated volatile organic compounds (VOCs), which results in reduced flavor quality. Volatile esters are major contributors to melon fruit flavor. The more esters, the more consumers enjoy the melon fruit. However, the effects of chilling on melon flavor and volatiles associated with consumer liking are yet to be fully understood. In the present study, consumer sensory evaluation showed that chilling changed the perception of melon fruit. Total ester content was lower after chilling, particularly volatile acetate esters (VAEs). Transcriptomic analysis revealed that transcript abundance of multiple flavor-associated genes in fatty acid and amino acid pathways was reduced after chilling. Additionally, expression levels of the transcription factors (TFs), such as NOR, MYB, and AP2/ERF, also were substantially downregulated, which likely altered the transcript levels of ester-associated pathway genes during cold storage. VAE content and expression of some key genes recover after transfer to room temperature. Therefore, chilling-induced changes of VAE profiles were consistent with expression patterns of some pathway genes that encode specific fatty acid- and amino acid-mobilizing enzymes as well as TFs involved in fruit ripening, metabolic regulation, and hormone signaling.
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Introduction

Melon is one of the most important and popular horticultural crops worldwide because of its excellent flavor and rich nutrition (Pereira et al., 2018; Yano et al., 2020; Zhang et al., 2021). The unique flavor of melon fruit (Cucumis melo L.) is a sum of interactions among soluble sugars, acids, and various volatile organic compounds (VOCs). VOCs are critical contributors to fruit quality and consumer preference (Schwab et al., 2008). In climacteric melon, approximately 240 VOCs have been identified, including aldehydes, alcohols, terpenes, esters, and sulfur-containing aroma compounds (Beaulieu and Grimm, 2001; Fallik et al., 2001; El-Sharkawy et al., 2005; Kourkoutas et al., 2006; Obando-Ulloa et al., 2008; Gonda et al., 2016; Esteras et al., 2018). High levels of sulfur-containing compounds may cause undesirable aromas in melon fruit (Gonda et al., 2013). Volatile esters, generally described as fruity or floral-like, are the most abundant VOCs and make a positive contribution to melon flavor and consumer liking (Gonda et al., 2016; Esteras et al., 2018). In contrast, non-climacteric melons show a lack of esters (Aubert and Pitrat, 2006; Sangster et al., 2006; Obando−Ulloa et al., 2008).

The flavor-related VOCs are mostly derived from amino acid, fatty acid, and carotenoid precursors (Schwab et al., 2008; Klee and Tieman, 2018). Most of the VOCs in climacteric melon are esters derived from fatty acids and amino acids (Gonda et al., 2016). Multiple flavor-impacting genes have been identified in melon. In the fatty acid pathway, lipoxygenases (LOXs) are classified into two groups, including 9-LOX and 13-LOX, generating 9(S)- and 13(S)-hydroperoxides of linoleic and linolenic acid. Hydroperoxide lyases (HPLs) can catalyze 13(S)-hydroperoxides to generate corresponding C6 aldehydes (2017; Chen et al., 2004; Shen et al., 2014; Zhang et al., 2015; Zhang et al., 2017). Additionally, pyruvate decarboxylases (PDCs) are prominent enzymes and associate with the decarboxylation of keto-acids generating acetaldehyde, propanal, pentanal from their corresponding carboxylic acids (Wang et al., 2019). In the amino acid pathway, branched-chain amino transferases (BCATs) and aromatic amino transferases (ArATs) are involved in the initial step in the formation of amino acid-derived aldehydes (Gonda et al., 2010). Alcohol dehydrogenases (ADHs) can catalyze the reduction of aldehydes to generate alcohols (Speirs et al., 1998; Chen et al., 2016). Esters are the most important VOCs that contribute to melon flavor, and they are mainly derived from fatty acids and amino acids (Gonda et al., 2016). The most abundant esters include acetate, butyrate, hexanoate and benzoate esters of fatty acids and amino acids, with acyl-coenzyme A (2 carbons), butyryl-CoA (4 carbons), hexanoyl-CoA (6 carbons) and benzoyl-CoA (7 carbons) as the co-substrate, respectively. In the final step, alcohol acyltransferases (AATs) can catalyze the esterification of an acyl moiety from an acyl-CoA donor onto alcohol, to form the corresponding esters (Goulet et al., 2015; Peng et al., 2020). In addition to formation of esters, degradation is also an important step to balance ester levels in fruit. In tomato, carboxylesterases (CXEs) catalyze the removal of the ester group to release the corresponding alcohol (Goulet et al., 2012; Cao et al., 2019).

In addition to the biosynthetic enzymes directly involved in production of volatile esters, transcription factors (TFs) also play key roles in the biosynthesis of flavor-associated VOCs in fruit crops. Colorless nonripening (CNR) and nonripening (NOR) genes are important fruit development and ripening regulators in plants. In tomato, levels of the fatty acid-derived VOCs in the ripening cnr and nor mutants are substantially lower than those in the wild-type (Zhang et al., 2016; Gao et al., 2022). Hormones also play important roles in fruit VOC biosynthesis via impacting the expressions of VOC-associated genes (Jin et al., 2016). An ethylene-responsive AP2/ERF family member, CitERF71 was associated with volatile terpene synthesis by activating transcription of a terpene synthase gene (CitTPS16) in sweet orange (Li et al., 2017). An ERF#9-MYB98 complex is involved in furaneol production via transactivation of quinone oxidoreductase FaQR (Zhang et al., 2018). For flavor-associated esters, MYB and bZIP have been shown to interact with the promoters of ester-related AATs in apple and banana, respectively (Li et al., 2014; Guo et al., 2018). Additionally, recent research revealed a peach NAC transcription factor homologous to tomato NOR (PpNAC1), positively regulates ester biosynthesis via activation of PpAAT1 (Cao et al., 2019). In melon, a ripening regulator, CmNOR involved in ethylene production also activates the production of esters (Santo Domingo et al., 2022).

Deterioration in fruit flavor quality has become a major cause of consumer dissatisfaction (Whiteside. 1977; Bruhn et al., 1991; Fernqvist and Hunter., 2012; Klee and Tieman, 2018; Colantonio et al., 2022). For example, modern commercial tomato varieties are generally substantially less flavorful than heirloom varieties. Human selection plays an important role in fruit flavor quality (Tieman et al., 2017; Klee and Tieman, 2018; Li et al., 2020). Fruit of wild melons have very thin light green flesh, are not sweet, are sometimes bitter and without aroma. In contrast, domesticated melon cultivars have larger fruit, non-bitter and thicker flesh, with considerably improved flavor (Pitrat, 2013). In terms of cultivated melons, postharvest handling and the retail system seem to be major contributors to poor fruit flavor. For example, heat treatment changes the aroma profiles of melons, causing a reduced “fresh” aroma as well as increased unpleasant “sulfurous” and “fermented” aroma (Yu et al., 2021). Additionally, total volatiles in melon juice are reduced significantly after 10°C storage for 20 d (Sun et al., 2022). In tomato, chilling results in loss of fruit flavor through impacting various flavor-associated VOCs (Zhang et al., 2016). Different fruit have different suites of VOCs, which contribute to their unique flavor. Thus, understanding how postharvest handling affects the flavor of different fruits is an important step to restore and maintain superior fruit flavor.

The aim of the present work is to study the effect of cold storage on melon fruit flavor quality and VOCs associated with human preference and to understand molecular mechanisms responsible for flavor loss in the chilled climacteric background of melon. Here, comprehensive metabolomic and transcriptomic analyses were performed in melon fruit. Altered flavor-associated VAEs in response to chilling and following a recovery period were associated with expression changes of some key pathway genes and multiple TFs, particularly ripening-related TFs.



Materials and methods


Melon materials

Melon ‘HT’ (Huai Tian No. 1, a climacteric cultivar of oriental melon, Cucumis melon var. Makuwa Makino) fruit were grown in a greenhouse on the Huaibei Normal University campus in Huaibei, China. Fruits were harvested at the ripe stage (30 days after pollination). Fruits of uniform size and without mechanical damage were selected, washed and dried at room temperature.



Fruit treatment

Fruit treatment was performed as described by Zhang et al. (2016). Briefly, melon fruits were divided into three groups: (A) stored at 4°C for 7 d (without chilling injury), and then transferred to room temperature (~22°C) for 1 d; (B) held at 4°C for 8 d until use (without chilling injury); (C) harvested on day 8 (8 d after the fruits of first two groups). Three replicates of each group were performed, and each replicate has three fruits.



Consumer preference test and analysis

A triangle test was performed according to the method described previously (Radovich et al., 2004). The test consisted of 58 untrained panelists, including twenty-eight males and thirty females, aged 20-45 years. Panelists were not trained but received instructions regarding the evaluation procedure. Panelists were presented with three samples of chilled (Group B) or unchilled (Group C) fruit, two were identical, and one was different. The samples were assigned blinding codes and randomized before testing. Panelists were instructed to identify the odd sample among the three by tasting all in the order presented. Panelists were provided with bottled water and sugar-free biscuits for palate cleansing, which they used between samples. Finally, they were asked to comment on the flavor and taste variation observed. The critical number of correct and incorrect responses for significance analysis was determined as described by Civille and Carr (2015). A binomial test was used to test for significance based on the correct number of accessors (Lawless and Heymann, 2010). The number of correct responses greater or equal to 27 of 60 panelists was considered a significant difference. Ambiguous responses were removed from the data. A plot of the frequency of the flavor descriptors for the chilled and unchilled fruit were obtained using the ggplot2 package in R (Wickham, 2016).



Volatile analysis by gas chromatograpghy-ion mobility spectrometry

GC-IMS is a powerful technique for the separation and sensitive detection of VOCs and is widely used to analyze VOC changes during food storage (Wang et al., 2020). To investigate the volatile changes of HT1 melon cultivar during cold storage, the analysis of volatile fingerprints was performed on an HS-GC-IMS system (FlavourSpec® Gesellschaft für Analytische Sensorsysteme mbH, Dortmund, Germany) as described by Yu et al. (2021). Three pooled fruit (three replicates for each group) were homogenized in a blender. For each replicate of melon sample, 10 g of melon juice was combined with 3 ml 200 mM ethylenediaminetetraacetic acid (EDTA) and 3 ml 20% CaCl2 (m/v) in a 20 ml headspace vial, the samples were stored at -80°C and mixed well before use. The GC system is equipped with an automatic headspace sampler unit (CTC Analytics AG, Switzerland), which can collect samples from the headspace vials with a heated air-tight syringe (1 ml). Next, the prepared ‘HT1’ samples in a 20 ml headspace vial were incubated at 40°C for 20 min with an agitation speed of 450 rpm, and 500 μl of headspace was injected into the GC injector at 80°C using a heated gas-tight syringe (45°C) with an injection speed of 30 ml min-1 and the GC program was as follow: 2 ml min-1 for 2 min, ramped up to 100 ml min-1 over 18 min, and held for 10 min. The separation was carried out on both a nonpolar FS-SE-54-CB capillary column (15 m × 0.53 mm × 0.25 μm, CS-Chromatographie Service GmbH, Durem, Germany) and a polar DB-Wax column (15 m × 0.53 mm × 0.25 μm, Agilent, Santa Clara, CA, USA) at isothermal condition of 60°C. Nitrogen was the gas at a flow rate of 150 ml min-1. The drift tube is 5 cm in length, and it was operated at a constant voltage of 400 V cm-1 at 45°C with a 150 ml min-1 N2 flow. Each IMS spectrum is an average of 12 scans. Each GC-IMS analysis was run in triplicate. To eliminate cross-contamination, the syringe was purged by an N2 flow for 30 s before every analysis and another 5 min after every analysis. n-ketones C3-C9 (Sinopharm Chemical Reagent Beijing Co., Ltd., China) were employed as external references to calculate the retention index (RI) of each compound. All volatile compounds were identified by comparing RI and normalized drift time (RIP relative) with the authentic reference compounds in the GC-IMS library. Analysis was performed on three replicates of each group.



cDNA preparation, quantitative PCR, and sequencing

Total RNA from different treatments was extracted using TRIzol reagent (Life Technologies) and first-strand cDNAs were synthesized using the ReverTra Ace quantitative real-time PCR (qRT-PCR) Kit (Toyobo, Osaka, Japan) according to the manufacturer’s instructions. qRT-PCR was performed using the SuperReal PreMix Plus Kit (Tiangen, Beijing, China) in CFX Connect real-time PCR detection system (Bio-Rad, Hercules, CA, USA) according to the manufacturers’ instructions. Actin was used as the internal control (Primers used are listed in Supplementary Table S13). Total RNA samples were submitted for Next-Generation Sequencing (NGS) using Illumina NovaSeq (Shanghai Personal Biotechnology Co., Ltd, China). Briefly, the paired-end (PE) method was applied for RNA sequencing and the read length was 150 base pairs. The mapped reads for each sample ranged from 37,300,202 to 46,422,461 and the transcriptome coverage varied from 94.72% to 95.15%.



RNA-Seq data analysis

The procedure of analysis was performed as described by (Guo et al., 2021). Briefly, the adapter sequence and low-quality value (QV < 20) from the raw reads in FastQ format were removed using Cutadapt (Version 1.1) software (Kim et al., 2015). The pruned clean reads were aligned to the melon reference genomic sequence Melon (DHL92) v3.5.1 Genome database (http://cucurbitgenomics.org/organism/18) using HISAT2 software (v. 2.1.0). HTSeq (v. 0.1.1) was used to calculate the read count as the original gene expression. The transcript abundance was indicated by normalized Fragments Per Kilo bases per Million fragments (FPKM), and genes with an average value higher than 1 were considered as expressed genes, while the genes expressed at very low levels were removed. Pearson correlation coefficient was estimated to examine the correlation of gene expression levels among samples. Based on principal component analysis (PCA) in “DESeq” package in R software, samples in each treatment group were clustered according to relative expression. Absolute log2 fold change (FC) > 1 and adjusted p-value < 0.05 were differentially expressed genes (DEGs) in each treatment. Expression levels of DEGs in each group were visualized as a heat map using “Pheatmap” package. The DEGs in each treatment group were further submitted for functional enrichment analysis of gene ontology (GO) and transcription factor (TF). For GO enrichment analyses performed in “TopGO” package, DEGs were divided into GO molecular function (MF), biological process (BP), and cellular component (CC). The TF information and relative family classification were predicted according to Plant Transcription Factor Database (PlantTFDB).



Metabolite extraction and analysis

Metabolite profiling was performed using a non-targeted metabolome method by Personal Biotechnology Co. Ltd. (Shanghai, China). The materials used for the transcriptomic analysis were the same as those in metabolite profiling. Extraction and analysis of metabolites were performed as previously described (Sangster et al., 2006; De Vos et al., 2007). 200 mg ( ± 1%) of melon fruit was accurately weighed in an EP tube, and then 0.6 ml 2-chlorophenylalanine (4 ppm) methanol (-20°C) was added, followed by vortexing, grinding, and centrifugation. Finally, 20 μl from each sample was taken to the quality control (QC) samples (These QC samples were used to monitor deviations of the analytical results from these pool mixtures and compare them to the errors caused by the analytical instrument itself), and the samples were used for LC-MS detection.

Chromatographic separation was accomplished in a Vanquish system (Thermo, USA) equipped with an ACQUITY UPLC® HSS T3 (150 mm x 2.1 mm, Waters, USA) column maintained at 40°C. The temperature of the autosampler was 8°C. Gradient elution of analytes was carried out with 0.1% formic acid in water (A2) and 0.1% formic acid in acetonitrile (B2) or 5 mM ammonium formate in water (A3) and acetonitrile (B3) at a flow rate of 0.25 ml min-1. Injection of 2 μl of each sample was done after equilibration. An increasing linear gradient of solvent B2/B3 (v/v) was used as follows: 0-1 min, 2% B2/B3; 1-9 min, 2%-50% B2/B3; 9-12 min, 50%-98% B2/B3; 12-13.5 min, 98% B2/B3; 13.5-14 min, 98%-2% B2/B3; 14-20 min, 2% B2-positive model (14-17 min, 2% B3-negative model). The ESI-MSn experiments were executed on the Thermo Q Exactive HF-X mass spectrometer with the spray voltage of 3.5 kV and -2.5 kV in positive and negative modes, respectively. Sheath gas and auxiliary gas were set at 30 and 10 arbitrary units, respectively. The capillary temperature was 325°C. The analyzer scanned over a mass range of m/z 81-1,000 for a full scan at a mass resolution of 60,000. Data dependent acquisition (DDA) MS/MS experiments were performed with HCD scan. The normalized collision energy was 30 eV. Dynamic exclusion was implemented to remove some unnecessary information in MS/MS spectra.



Weighted gene co-expression network analysis

Co-expression networks were created using WGCNA (v1.29) package in R as described by (Langfelder and Horvath, 2008). The data used for WGCNA were performed on aroma components (alcohols, aldehydes, ketones, and esters) produced during storage. All genes and TFs were used as input to the signed WGCNA network construction. Modules were identified using “one-step network construction and module detection function” method with a soft thresholding power of 6 and a relatively large minimum module size of 30, and the threshold for merging modules was 0.25.



Promoter analysis

Promoter sequences (base pairs -1,500 to -1) were obtained from Melon (DHL92) v3.5.1 Genome (http://cucurbitgenomics.org/organism/3). Transcription binding motifs were analyzed with plantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) and PlantPAN 3.0 (http://plantpan.itps.ncku.edu.tw/promoter.php) (Lescot et al., 2002; Li et al., 2020).



Statistical analysis

Student t-test analysis was applied to compare the variation of volatile content and gene expression between Group A & B, B & C and A & C (Graphpad Prism 9). Letters and asterisks indicate significant differences (p-value < 0.05) for treatments at each measure time. PCA, DEGs, and GO enrich were described in each method section.



Accession numbers

All accession numbers were obtained from the Melon (DHL92) v3.5.1 Genome database. CmLOX18 (MELO3C024348.2), CmADH1/2 (MELO3C023685.2/MELO3C014897.2), CmHPL1/2 (MELO3C010910.2/MELO3C018413.2), CmAAT1/3 (MELO3C024771.2/MELO3C024762.2), CmMGL (MELO3C013774.2), CmPDC1/2 (MELO3C009145.2/MELO3C007227.2), CmCXE1/2 (MELO3C010887.2/MELO3C014690.2), CmBCAT1 (MELO3C010776.2), CmArAT1 (MELO3C025613.2), CmAADC1 (MELO3C008357.2), CmACO1 (MELO3C014437.2), CmACS1 (MELO3C021182.2), CmNOR (MELO3C016540.2), CmMYB44 (MELO3C007586.2), CmbZIP1 (MELO3C013408.2), CmCBF1 (MELO3C006869.2).




Results


Chilling resulted in changes of melon VOC profiles and consumer liking

To gain insight into how chilling affects flavor of melon fruit and consumer liking, we performed a triangle test to evaluate the flavor differences between chilled and unchilled fruit. Twenty-seven of fifty-eight panelists were able to identify significant differences in the flavor of the chilled compared to the unchilled (n > 26, p = 0.02 < 0.05) (Figure 1A). In addition, they described the unchilled melon as sweeter, juicier, and more aromatic than the chilled fruit, indicating that chilling had an adverse effect on flavor (Figure 1B).




Figure 1 | Consumer panel analyses. (A) Number of correct answers (n = 27) and incorrect answers (n = 31) from triangle test. (B) Taste descriptors for the chilled and unchilled melon fruit according to their frequency of use. Fewer panelists rated the chilled melon fruit as sweet, juicy and aromatic compared to the unchilled melon fruit.



Subsequently, VOCs extracted from melon fruit after 7 d chilling followed by 1-d recovery at room temperature (Group A), after 8 d chilling only (Group B), and harvested on day 8 (Group C) were quantified. Sixty known and nine unknown VOCs were detected in fruit from all three groups and used for further analysis (Supplementary Table S1). These VOCs consist of nine alcohols, twelve aldehydes, six ketones, twenty-four esters, and eighteen others (Figure 2A). Among the VOCs, esters are the most abundant (> 70% of total VOC content) in all groups, and ~70% of the esters are VAEs. Based on the VOC content, melon fruit from the three different groups were separated by PCA, and biological replicates clustered together (Supplementary Figure S1). 2D ion mobility spectrums of volatiles in fruit from these three groups were shown (Supplementary Figure S2). In general, the concentration of volatiles in 8-d chilled fruit (Group B) was lower in comparison with unchilled fruit (Group C). Total amount of volatiles in 8-d chilled fruit decreased by ~73% relative to the unchilled. After 1-d recovery at room temperature (Group A), total VOC content increased, but was still lower compared to the unchilled (Figure 2B). In particular, content of VAEs was lower after chilling and recovery at room temperature for 1 d. However, total content of volatile alcohols or aldehydes was not substantially affected after cold storage compared to the unchilled (Figures 2B, C). Additionally, no significant differences were observed in fructose, glucose and citrate between the chilled and the unchilled fruit (Supplementary Figure S3).




Figure 2 | Changes of melon volatile content and metabolites in response to chilling. (A) Classification and numbers of all volatiles detected. (B) Statistical analysis of changes in VOC content after chilling ( ± SE, n = 3). (C) Chilling-induced changes in total VAE content ( ± SE, n = 3). (D) Fingerprint of all volatiles detected in three groups. Each row represents all signal peaks in each sample, and each column represents the signal peak of the same VOC in different samples. The intensity of the ion signal is described by different colors, red indicates high intensity. VOC names are listed below each column, and some volatiles are followed by M and D, which are the monomer and dimer of the same volatile. The numbers indicate unidentified VOC peaks. Information of all volatiles is listed in Supplementary Table S1. (E) Statistical analysis of metabolites in fatty acid and amino acid pathways after chilling ( ± SE, n = 6). Significant differences in volatiles and metabolites are denoted by different letters (p-value < 0.05). HPOT, Hydroperoxy octadecatrienoic acid; KIC, Ketoisocaprorate. Group A, stored at 4°C for 7 d, and then transferred to room temperature (~22°C) for 1 d; Group B, held at 4°C for 8 d; Group C, melon fruit were harvested 8 d after the fruit of first two groups.



A gallery plot was performed to better visualize major chilling-induced changes to VOC profiles. A total of eighty-two detected signal peaks were characterized (Figure 2D). Although total content of alcohols or aldehydes was not altered after cold storage compared to the unchilled fruit, content of several alcohols and aldehydes was lower, including 3-methylpentanol, nonanal and (E, E)-2,4-nonadienal. In addition, total ketone content was also reduced in 8-d chilled fruit. Among the ketones, content of 3-hepten-2-one and 2-propanone was lower. Total content of VAEs in the chilled fruit was ~30% lower compared to that in unchilled fruit and those recovered after transfer to the room temperature. Content of multiple VAEs was reduced after cold storage, including propyl acetate, isobutyl acetate, pentyl acetate, hexyl acetate, and benzyl acetate. Chilling-induced decreases were also observed for other esters, including isopentyl isopentanoate, butyl butanoate, isobutyl butanoate, and isopentyl hexanoate. Content of the aforementioned VAEs increased after 1-d recovery. However, some VOCs were found to increase after cold storage compared to the unchilled. Interestingly, these VOCs mainly included methyl esters, such as methyl butanoate, methyl hexanoate, methyl 3-methylbutanoate, and methyl 2-methylpropanoate (Supplementary Table S1). In addition, content of these methyl esters was reduced after return to room temperature. These results indicate that chilling affects the flavor of melon fruit, and chilling-induced changes to melon VOC profiles are mainly involved in flavor-associated esters, particularly VAEs.



Metabolomic analysis on the VAE-related pathways in response to chilling

The aforementioned VAEs are derived from fatty acid and amino acid pathways. In response to chilling, metabolic flux throughout these two pathways is critical for downstream VAE biosynthesis. Therefore, multiple intermediate metabolites were investigated, including linoleic acid, linolenic acid, 9(S)-hydroperoxy-10(E),12(Z),15(Z)-octadecatrienoic acid (9(S)-HPOT), and 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid (13(S)-HPOT) from the fatty acid pathway, in addition to isoleucine, L-leucine, valine, phenylalanine, 3-Methyl-2-oxovaleric acid and Ketoisocaprorate (KIC) from the amino acid pathway. According to the analysis of differentially accumulated metabolites, we found that content of linoleic acid, linolenic acid, and 13S-HPOT increased after chilling and was reduced after 1-d recovery at room temperature (Figure 2E; Supplementary Table S2). However, content of metabolites from the amino acid pathway showed inconsistent patterns in response to chilling. Content of L-leucine was higher in the chilled fruit than the unchilled and remained high after cold storage followed by 1-d recovery. Content of KIC, a ketoacid generated from L-leucine, was reduced after chilling and slightly increased after recovery. Phenylalanine content was lower after cold storage and remained at a low level after 1 d returning to room temperature (Figure 2E; Supplementary Table S2). These results suggested that chilling affects VAE biosynthesis via regulation of metabolic flux.



Transcriptomic response to cold storage

RNA-Seq data was generated for transcriptomic analysis. After discarding adaptor and low-quality reads, ~6.2 Gb clean reads (>90% of total reads) on average were produced (Supplementary Table S3). Principle components analysis (PCA) of RNA-Seq data revealed the relationship between experimental samples, which exhibited clear separation for the samples of the aforementioned three groups (Figure 3A). Pearson correlation coefficient analysis indicated that, in general, replicates after chilling followed by 1-d recovery at room temperature (Group A) and harvested on day 8 (Group C) were less correlated with the replicates after chilling (Group B) (Figure 3B).




Figure 3 | Transcriptomic analysis after cold storage. (A) Principal component analysis of differential expressed genes. Different symbols and colors represent different replicates and treatment conditions, respectively. (B) Correlation analysis of patterns of RNA-Seq in each group. (C) Number of up- and downregulated genes among groups. (D) Venn diagram of number of DEGs among groups.



Analysis of Group A & B, and Group B & C identified 8553 (4272 upregulated and 4281 downregulated) and 8249 (4272 upregulated and 3977 downregulated) DEGs, respectively. However, only 1824 upregulated and 653 downregulated DEGs were identified via analysis of Group A and C (Figures 3C, D). Based on the expression levels of genes from each group, correlation among the samples was calculated and hierarchical clustering was visualized in a heatmap. Consistent with PCA analysis, gene expression clusters in Group B were distinguishable from that in Group A and Group C (Supplementary Figure S4). These results indicate that expression levels of many genes are sensitive to temperature shift. The C-repeat binding factor (CBF)/dehydration responsive-element binding (DREB) TFs are known to be sensitive to low temperature (Thomashow, 2010; Zhang et al., 2016). In the present study, we found that transcript levels of multiple melon CBFs/DREBs were higher in the chilled melon and returned to unchilled levels after transfer to room temperature (Supplementary Figure S5).



Responses of VAE biosynthetic genes to chilling

To understand the molecular basis of the reduction of melon flavor-associated VAEs during cold storage, we investigated the relevant biosynthetic pathways and genes involved in the biosynthesis of VAEs. As observed in the aromatic melon fruit that we used, content of volatile esters was much higher than other characterized VOCs, such as alcohols and aldehydes (Figure 2B; Supplementary Table S1). Alcohol dehydrogenase (ADH) and alcohol acyltransferase (AAT) are able to convert volatile aldehydes to their corresponding alcohols and esters (Figure 4A). The expression levels of two ADH family members (CmADH1 and CmADH2) were downregulated after 8-d cold storage and upregulated to higher levels after 1-d recovery at room temperature, and the transcript levels after recovery were higher than day 8. Similarly, the transcript abundance of two members of AAT family (CmAAT1 and CmAAT3) was lower in the chilled melon and recovered after 1 d at room temperature (Figure 4B; Supplementary Tables S4, S5).




Figure 4 | The analysis of differentially expressed genes in VAE biosynthesis pathway. (A) VAE biosynthesis in fatty acid and amino acid pathways. (B) A heatmap of DEGs involved in these pathways. Values of log2(foldchange) and FPKM are used in the heatmap of A and B, respectively. 13-HPOT, 13(S)-hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid; 9-HPOT, 9(S)-hydroperoxy-10(E),12(Z),15(Z)-octadecatrienoic acid; SCKAs, straight-chain ketoacids; BCKAs, branched-chain ketoacids; LOX, lipoxygenase; HPL, hydroperoxide lyase; PDC, pyruvate decarboxylase; BCAT, branched chain amino transferase; ArAT, aromatic amino transferase; AADC, amino acid decarboxylase; ADH, alcohol dehydrogenase; PAR, phenylacetaldehyde reductase; AAT, alcohol acyltransferase; CXE, carboxylesterase; ALDH, aldehyde dehydrogenase; KADC, ketoacid decarboxylase; VAEs, volatile acetate esters. Asterisks indicate significant differences (p-value < 0.05).



In the fatty acid pathway, biosynthesis of C5 and C6 green leafy volatiles depends upon LOX and HPL activities (Figure 4A). Here, we observed CmLOX18 expression level was lower after chilling and recovered after 1 d at room temperature. In addition, expression levels of CmLOX8 and a 9-lipoxygenase (CmLOX9) were also altered after chilling. Transcript levels of two CmHPLs were lower in the chilled melon. CmHPL2 expression was recovered after return to the room temperature, while CmHPL1 remained at low level. CmPDC1 involved in aldehyde biosynthesis through catalyzing straight-chain ketoacids was reduced after chilling and recovered to higher level after 1 d at room temperature (Figure 4B; Supplementary Tables S4, S5). In the amino acid pathway, CmBCAT1 and CmArAT1 expression levels were reduced in the chilled melon fruit and upregulated after 1 d of recovery. Moreover, multiple aldehyde dehydrogenases (ALDHs) were also sensitive to low temperatures (Figure 4B; Supplementary Tables S4, S5). Therefore, reduced production of VAEs after chilling cannot be directly explained by a single enzyme activity alone.



Chilling-induced expression variations in transcription factors and hormone regulators

According to the expression patterns of DEGs among the three groups, clustering analysis was carried out, and DEGs were divided into nine clusters (Supplementary Figure S6). Based on the Plant/Animal Transcription Factor Database (Plant/AnimalTFDB), thirty TF families were identified (Supplementary Figure S7; Supplementary Table S6). To narrow the scope of differentially expressed TFs, we removed the genes without significance (p-value > 0.01), and 375 TFs were selected. 246 TFs belong to Cluster 1 and 5, indicating that their expression levels were higher after chilling and recovered after 1 d at room temperature. On the contrary, 129 TFs were clustered in Cluster 6 and 8, indicating that their expression levels were lower after chilling and increased after 1-d recovery (Supplementary Table S7).

Clusters 6 and 8 identified melon NONRIPENING (CmNOR) which is a key ripening regulator, and its expression was reduced (~30-fold reduction) after chilling and upregulated (~40-fold increase) after 1-d recovery at room temperature, which is consistent with the pattern of ester levels and flavor intensity (Supplementary Tables S4, S5). In the same cluster with CmNOR, CmMYB44, an ester-associated apple MdMYB6 homolog, had lower expression during cold storage and increased transcript after 1-d recovery (Supplementary Tables S4, S5). In addition, Cluster 1 and 5 identified a bZIP family gene (named CmbZIP1, ester-associated MabZIP4 homolog in banana) with the highest expression during chilling and reduced transcript levels after recovery (Supplementary Tables S4, S5).

Ethylene also regulates various aspects of ripening, including VOC biosynthesis in fruit. Ethylene biosynthesis genes, including aminocyclopropane carboxylate synthase (ACS) and oxidase (ACO), were investigated. The transcript levels of CmACS1 and CmACO1 were the highest among the family members, respectively. The expression of CmACO1 was lower in the chilled melon and increased after 1 d at room temperature. Conversely, much higher transcript levels of CmACS1 was observed after cold storage and declined after returning to room temperature (Supplementary Figure S8; Supplementary Tables S4, S5).



WGCNA identified the aforementioned ester-associated genes in response to temperature changes

To gain further insight into the regulation of ester biosynthesis after temperature shift, WGCNA was performed to investigate the co-expression networks of key DEGs. According to the similarity of expression patterns, genes were grouped into a total of eighteen co-expression modules (Figure 5A). Based on the top three coefficient values shown in the heatmap of module-trait correlations, content of esters was positively correlated with gene expressions in the blue, turquoise and green-yellow modules (Figure 5B; Supplementary Table S8). Subsequently, GO annotation analysis was performed to summarize functions of the DEGs identified in the modules, and DEGs in response to chilling were investigated. The functional categories of the DEGs included biological process, molecular function and cellular component. Top twenty GO terms indicated that cellular process in the biological process ranked the highest, and 753 DEGs were divided into the group of cellular aromatic compound metabolic process (Figure 6; Supplementary Table S9).




Figure 5 | Analysis of gene co-expression and the relationships between genes and volatile content in response to cold storage. (A) Hierarchical cluster tree exhibits 18 modules of co-expressed genes. Each branch represents one gene in the tree. (B) Module-trait correlations and gene co-expression network analysis performed by weighted gene co-expression network analysis during cold storage. The green-yellow, blue and turquoise modules with asterisks significantly related to the content of volatile acetate esters. The corresponding p-values are shown in parentheses. The left to right panel represents the module-trait correlations from -1 to 1.






Figure 6 | GO functional enrichment analysis of DEGs in chilled and unchilled melon fruit.



Based on the analyses of transcriptome and metabolome, multiple genes involved in ester biosynthesis were preliminarily identified. Notably, WGCNA further narrowed the scope of DEGs correlated with ester biosynthesis. Two lipoxygenases (CmLOX8 and CmLOX18), one hydroperoxide lyase (CmHPL2), one alcohol acyltransferase (CmAAT1), one carboxylesterase (CmCXE1), and one amino acid decarboxylase (CmAADC1) were identified. These DEGs were confirmed by qRT-PCR using RNA from fruit after chilling followed by 1-d recovery at room temperature (Group A), chilled (Group B) and unchilled fruit (Group C) (Figure 7). Additionally, WGCNA was also performed to investigate the correlation between differentially expressed TFs and ester content during chilling and 1-d recovery after chilling. Seventeen key TFs (GS > 0.85, GS < -0.85) were identified, including twelve positive regulators (one C3H, one CPP, one ERF, two GATAs, one GeBP, one LBD, one MYB, one STAT and three WRKYs) and five negative regulators (one ARR-B, two bHLHs, one DBB and one MYB-related) (Table 1). These positive regulators exhibited lower expression levels in the chilled fruit and were upregulated after 1-d recovery at room temperature, which was consistent with the pattern of altered ester content. However, the negative regulators exhibited higher levels after chilling and were downregulated after 1-d recovery. Although the aforementioned three TFs, CmNOR, CmMYB44, and CmbZIP1 were not included in the list of top TFs, WGCNA revealed that the relative GS values were higher than 0.7 or lower than -0.7, indicating significant correlations between expression and ester content (Supplementary Table S10).




Figure 7 | Quantitative real-time PCR analysis of select VAE-related DEGs. Significant differences in gene expression are denoted by different letters ( ± SE, n = 3, p-value < 0.05).




Table 1 | The candidate transcription factors potentially involved in VAE biosynthesis.





Analysis of potential transcriptional binding motifs in CmAAT1 and CmAAT3 promoter sequence

Under chilling conditions, volatile aldehydes and alcohols were not substantially affected, and the last step of ester biosynthesis catalyzed by AAT seems to be an important control point. cis-regulatory elements in promoter regions containing TF binding sites play a critical role in regulation of gene expressions. Thus, 1.5-kb putative promoter sequences of CmAAT1 and CmAAT3 were investigated.

The analysis of CmAAT1 and CmAAT3 promoter regions identified motifs mainly involved in response to stress and hormone levels. For CmAAT1, stress responses included anaerobic induction (ARE), stress (STRE), wounding (WUN-motif), and hormone response consists of ethylene (ERE), MeJA (MYC and TGACG-motif) and salicylic acid (TCA-element). For CmAAT3, anaerobic induction (ARE), light (AE-box), wounding (WRE3) and ethylene (ERE), gibberellin (TATC-box), MeJA (MYC), salicylic acid (TCA-element) were found to be involved in stress and hormone responsiveness, respectively. In addition, various conserved motifs were found in the promoter region of CmAAT1, including G-box (bZIP binding site), MYB and ‘ACCGAC’ (DREB/CBF) and ‘TTA/GCGT’ (NAC). MBSI (MYB) and ‘TTA/GCGT’ (NAC) were found in the CmAAT3 promoter region.

After temperature shift, we found that expression levels of many TFs exhibited the same pattern with the CmAAT1 and CmAAT3. These TFs included Dof, ERF, WRKY and TCP, in addition to the aforementioned bZIP, MYB, MYC and NAC (Table 1; Supplementary Tables S4, S5). The putative binding sites of some selected TFs were also found in the 1.5-kb promoter sequence of CmAAT1 and CmAAT3 (Figure 8), and all putative motifs were shown in Supplementary Table S11 and S12. These observations indicated potential roles of the aforementioned TFs in regulation of VAE-related AAT expression during cold storage.




Figure 8 | Analysis of CmAAT1 and CmAAT3 promoter sequences. TF binding motifs were shown in the 1.5-kb promoter regions. Purple, NAC (TTA/GCGT, (Lindemose et al., 2014); Blue, AP2/ERF (ACCGAC, Suzuki et al., 2005); Yellow, MYB (AACTG, Prouse and Campbell, 2012); Orange, AP2/RAV (CAACA, Zhang et al., 2020).






Discussion

For decades, consumers have complained about the flavor of commercial fruit. In addition to breeding of modern cultivars with poor flavor, postharvest chilling treatment is known to result in fruit flavor loss (Zhang et al., 2016; Tieman et al., 2017; Klee and Tieman, 2018). VOCs are critical contributors to fruit flavor quality. Although different fruit often share many aroma characteristics, each fruit has a distinctive aroma determined by the proportions of key volatiles as well as the presence or absence of unique components (Gonda et al., 2010). Therefore, chilling-induced changes to flavor-associated VOCs can be various among fruit species. In our present study, we found that chilling resulted in reduction of flavor-associated esters, particularly VAEs in melon fruit, while other VOCs were only slightly altered. Finally, comparative metabolomic and transcriptomic analyses during temperature shift from 4°C to room temperature were performed to uncover the causes of melon flavor deterioration after chilling.

In climacteric melon, fatty acid- and amino acid-derived esters are the most abundant as well as the most important contributors to fruit flavor (Gonda et al., 2016). Approximately 50% of VOCs are VAEs at a ripe stage in the climacteric melon fruit used in this study. A previous study revealed that content of VAEs was reduced at the later maturity of the oriental melon (Guo et al., 2017). As known, low temperature can slow ripening progress (Zhang et al., 2021). Here, we found that total content of VAEs was remarkably lower in the chilled ripe melon than the unchilled fruit. Thus, chilling-induced reduction of VAE content is more likely caused by transcriptional regulation of the metabolic pathways.

Multiple flavor-associated pathway genes have been identified, and each of them plays an important role in regulating flux of metabolites throughout respective pathways (2012; Speirs et al., 1998; Chen et al., 2004; Gonda et al., 2010; Goulet et al., 2012; Goulet et al., 2015; Wang et al., 2019). However, flavor-associated VOCs and molecular regulation in response to chilling are still not fully understood in many fruit crops such as melon. In addition to the well-known pathway genes, we found that additional genes involved in flavor-associated VOC synthesis were also sensitive to chilling. An aromatic amino acid decarboxylase gene (named CmAADC1) was expressed in a lower level during chilling and partially recovered after 1 d at room temperature. Its homolog, tomato LeAADC2 plays a critical role in the initial step of biosynthesis of 2-phenylethanol and 2-phenylacetaldehyde (Tieman et al., 2006). Additionally, a methionine-gamma-lyase gene (CmMGL) associated with the presence of sulfur volatiles in melon was upregulated during cold storage and returned to a considerably lower level after transfer to room temperature (Supplementary Tables S4, S5). GC-IMS analysis identified only sixty known VOCs and nine unknown VOCs (Supplementary Table S1). However, multiple VOCs that contribute to the fruit flavor were not measured in the used melon fruit, including 2-phenylethanol and sulfur volatiles. Sulfur volatiles are important contributors to melon aroma and can be detected in many melon varieties, but high levels may cause undesirable aroma (Gonda et al., 2013). Thus, it will be interesting to determine whether these flavor-associated VOCs are altered during temperature shift in melon fruit, other than VAEs.

In addition, expression levels of multiple TFs were altered in response to low temperature. In particular, some associated with fruit development were downregulated, including ripening-associated NOR and ethylene-responsive ERF (Supplementary Tables S4, S5). Altered expression of these TFs during temperature shift would be expected to change numerous ripening processes, permitting the organ to redirect metabolic resources into more suitable stress responses (Zhang et al., 2016). Additionally, ripening has been a major focus of plant breeding in fleshy fruits, with special effort on the improvement of organoleptic quality and post-harvest durability (Ríos et al., 2017). Ripening-associated ETHQV6.3 encoded by a NAC domain TF (CmNOR) advances the ethylene production and activates the production of esters, changing the aroma profile of melon fruit (Santo Domingo et al., 2022). Thus, the altered expression levels of ripening-associated TFs cannot be ignored when examining melon flavor loss after cold storage. Besides, TFs are able to regulate expression of downstream genes via binding to elements in the promoter region (Schwechheimer et al., 1998). Notably, NAC and ERF binding motifs were observed in the promoter sequences of ester-associated CmAAT1 and CmAAT3 (Figure 8). Motifs involved in stress and hormone responsiveness were also found in the aforementioned promoter regions.

Climacteric ripening is characterized by the autocatalytic biosynthesis of plant hormone ethylene (Ríos et al., 2017). Ethylene synthesis was reduced after chilling with partial recovery after transfer to room temperature in tomato (Zhang et al., 2016). In melon, low temperature treatments inhibited ethylene production during storage (Zhang et al., 2015). Ethylene biosynthesis genes included aminocyclopropane carboxylate synthase (ACS) and oxidase (ACO). Conversion of S-adenosylmethionine to 1-aminocyclopropane-1-carboxylic acid by ACS is the first and committal step in the ethylene biosynthesis pathway, and ACO is involved in the final step of ethylene production in plant tissues (Pech et al., 2008). Of the multiple ACS and ACO enzymes reported in the melon genome, CmACS1 and CmACO1 are specific to fruit ripening as their expression increases in climacteric fruit after the burst of ethylene (Miki et al., 1995; Saladié et al., 2015). Initially, it was postulated that not ACO, but ACS is the rate-limiting enzyme in ethylene biosynthesis pathway (Adams and Yang, 1979; Houben and Van de Poel, 2019). However, an increasing amount of evidence has been gathered over the years, which demonstrates the importance of ACO, and not ACS, in controlling ethylene production in plants (English et al., 1995; Vriezen et al., 1999; Shi et al., 2006; Love et al., 2009; Van de Poel et al., 2012; Chen et al., 2016). In our study, CmACO1 expression was downregulated after chilling. However, CmACS1 displayed an opposite expression pattern in response to low temperature. The last step of ethylene biosynthesis is likely to be controlled by rate-limiting enzyme CmACO1, rather than CmACS1 involved in the initial step.

Sugar and organic acid accumulation were ethylene-independent (Pech et al., 2008; Ríos et al., 2017). Accordingly, fructose, glucose and citrate were not substantially affected after chilling (Figure S3). Conversely, the production of aroma volatiles was strictly ethylene-dependent. Ethylene has an important role in ester biosynthesis in climacteric fruit including peach and apple (Wang et al., 2018; Cao et al., 2021; Santo Domingo et al., 2022). A previous study revealed that ethylene levels were lower in chilled oriental melon (Zhang et al., 2015), showing the same pattern as we observed for VAEs. Climacteric melon has a peak of ripening, controlled by increased ethylene (Pech et al., 2008; Santo Domingo et al., 2022). Multiple genes involved in ester biosynthesis were regulated by ethylene production in melon. The expression of CmAAT1 was severely reduced in ethylene-suppressed antisense 1-aminocyclopropane-1-carboxylic acid oxidase fruit and in wild-type fruit treated with the ethylene antagonist 1-methylcyclopropene (1-MCP) (Yahyaoui et al., 2002). In addition, both 1-MCP and low temperature downregulated CmLOX18 expression (Zhang et al., 2015). As observed in our work, a key ethylene regulator, CmACO1 was downregulated after cold storage, which likely resulted in reduced ethylene production. Consistently, expression of CmLOX18, CmAAT1 and CmAAT3 were found to be decreased after chilling and recovered after a return to room temperature.

VAEs were remarkably altered in response to chilling. However, total volatile aldehydes and alcohols derived from fatty acids and amino acids were only slightly affected by chilling. During cold storage, the reduced CmAAT1 and CmAAT3 expression can be responsible for the lower VAE content, in turn resulting in higher volatile alcohols. Similarly, reduced transcript of CmADH1 and CmADH2 resulted in less conversion of volatile aldehydes. GC-IMS analysis showed that content of some aldehydes even increased after chilling. In addition, CXEs are responsible for conversion of VAEs to alcohols (Goulet et al., 2015). Interestingly, the transcripts of two tomato homologs in melon, CmCXE1 and CmCXE2, were higher in chilled melon fruit and downregulated after 1-d recovery at room temperature (Supplementary Tables S4, S5), which indicated that CXE-catalyzed biosynthesis of volatile alcohols might increase during cold storage. Additionally, content of some upstream metabolites in the fatty acid pathway increased after cold storage. Thus, a metabolic balance of intermediate products occurred during cold storage, and it seems that chilling reduced VAE content was a result of transcriptional regulation.



Conclusion

We combined sensory evaluation, transcriptomic and metabolomic analyses to determine the impact of postharvest chilling on the flavor of melon fruit. In summary, consumer panel tests indicated a negative change in the flavor of the chilled melon fruit in comparison with the unchilled. Melon flavor-associated VAEs derived from fatty acids and amino acids represents the dominant esters, showing considerably lower content after cold storage. Additionally, metabolomic analysis suggested that the corresponding upstream metabolites including linoleic acid, linolenic acid, phenylalanine and KIC were also altered in the chilled fruit. Transcripts for various key VAE synthesis genes, such as CmLOX18, CmADH1, CmAAT1, CmCXE1, CmArAT1 and CmBCAT1, ripening-related TF, such as CmNOR and hormone regulators, such as CmACO1 were significantly changed during cold storage. Most of the chilling-induced changes recovered after transfer to the room temperature. In general, chilling resulted in flavor loss of melon fruit, in large part due to the reduced VAE content. Our study provided a molecular basis for the understanding of melon fruit flavor loss during cold storage.
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Introduction

Lignification of fruit flesh is a common physiological disorder that occurs during post-harvest storage, resulting in the deterioration of fruit quality. Lignin deposition in loquat fruit flesh occurs due to chilling injury or senescence, at temperatures around 0°C or 20°C, respectively. Despite extensive research on the molecular mechanisms underlying chilling-induced lignification, the key genes responsible for the lignification process during senescence in loquat fruit remain unknown. MADS-box genes, an evolutionarily conserved transcription factor family, have been suggested to play a role in regulating senescence. However, it is still unclear whether MADS-box genes can regulate the lignin deposition that arises from fruit senescence.





Methods

Both senescence- and chilling-induced flesh lignification were simulated by applying temperature treatments on loquat fruits. The flesh lignin content during the storage was measured. Transcriptomic, quantitative reverse transcription PCR and correlation analysis were employed to identify key MADS-box genes that may be involved in flesh lignification. The Dual-luciferase assay was utilized to identify the potential interactions between MADS-box members and genes in phenylpropanoid pathway. 





Results and Discussion

The lignin content of the flesh samples treated at 20°C or 0°C increased during storage, but at different rates. Results from transcriptome analysis, quantitative reverse transcription PCR, and correlation analysis led us to identify a senescence-specific MADS-box gene, EjAGL15, which correlated positively with the variation in lignin content of loquat fruit. Luciferase assay results confirmed that EjAGL15 activated multiple lignin biosynthesis-related genes. Our findings suggest that EjAGL15 functions as a positive regulator of senescence-induced flesh lignification in loquat fruit.
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1 Introduction

Loquat fruit (Eriobotrya japonica Lindl.) has a delicious taste and is rich in carotenoids, two features which make it popular among consumers in Asia and Europe. However, the taste of loquat fruit rapidly deteriorates once harvested if it is stored at room temperature, which reduces the feasibility of both its long-term storage and long-distance transportation. The flesh of loquat fruit becomes less juicy and harder to chew when such postharvest deterioration takes place (Cai et al., 2006a). Recent research has clarified that the deposition of lignin in loquat flesh is the leading cause for its diminished taste (Huang et al., 2019). Accordingly, developing effective and inexpensive methods to alleviate the fruity flesh lignification is imperative for securing and promoting the loquat industry.

In the last decade, cold chain has been gradually applied to the transportation and storage of fruits and vegetables, significantly delaying their postharvest spoilage via the precise management of air temperature and suppression of senescence (Mercier et al., 2017; Yang et al., 2020). Yet fruits can also often exhibit physiological disorders, such as internal browning and loss of aromatic flavors, when they undergo inappropriate cold storage (Ding et al., 2002; Zheng et al., 2022). Unfortunately, loquat fruit not only exhibits all the above symptoms but also incurs lignin deposition in its flesh when the temperature drops below its threshold for chilling injury (Cai et al., 2006c), which greatly limits the application of cold chain technology. Hence, suitable conditions that would not cause chilling injury are needed to maintain the commodity properties (and thus market value) of loquat fruits. Nevertheless, the lignification of loquat flesh could also be advanced by senescence under room temperature conditions (Yang et al., 2010), which complicates the optimization of a suitable storage temperature range. Consequently, both chilling and senescence effects should be taking into consideration when trying to balance the benefits versus losses of using cold chain storage.

To precisely define the temperature that best minimizes or stalls the lignification of loquat’s flesh during its storage, the molecular mechanism by which flesh is lignified should be first elucidated. Key genes that regulate the deposition of lignin require robust identification for guiding the invention of convenient and inexpensive storage methods. Current studies on loquat lignification have revealed that several genes account for chilling-induced lignin deposition, together with the conditions that initial their transcription, which provides a promising basis to estimate the optimal temperature interval. For example, EjMYB1, EjNAC3, and EjHAT1 participate in lignin biosynthesis by interacting with genes in the phenylpropanoid pathway, and their transcripts at 0°C are more abundant than that at 5°C, consistent with a chilling-induced expression pattern (Xu et al., 2014; Ge et al., 2017; Xu et al., 2019). Nonetheless, comparatively little attention has been paid to senescence- induced lignification. Although the abnormal deposition of lignin during fruit senescence has been attributed to the activation of enzymes in phenylpropanoid pathway like Phenylalanine ammonia-lyase (PAL) and Cinnamyl alcohol dehydrogenase (CAD) which is identical to that during chilling injury (Cai et al., 2006b; Chong et al., 2006; Li et al., 2017), the mechanism underlying the temperature-dependent regulation of that pathway remains poorly clarified with an insufficient characterization of the key regulators involved. It was recently shown that multiple regulators are recruited when chilling-induced lignification occurs (Shi et al., 2022), but none of them have been proven to play roles in the lignification process at room temperature. In fact, the transcripts of EjERF39 and EjMYB8, two vital regulators of chilling-induced lignification, remain at low abundance during loquat fruit’s storage at room temperature (Zhang et al., 2020). These findings imply the existence of a unique regulation pathway underpinning senescence-induced lignification that differs from chilling-induced lignification.

Lignin deposition is a process during plant development that is mainly controlled by NAC and MYB transcription factors, known as master switches of the secondary cell wall (Wang et al., 2011; Zhong and Ye, 2012; Nakano et al., 2015). However, regulation of stress-induced lignification in different plant tissues is believed to entail novel players other than NAC and MYB (Cesarino, 2019). MADS-box is a conserved gene family found in plants as well as animals. Many studies have presented evidence for linkages between MADS-box members and senescence in different plant species; for example, Arabidopsis thaliana (Fang and Fernandez, 2002), Solanum lycopersicum (Xie et al., 2014), Medicago truncatula (De Michele et al., 2009), and Brassica rapa (Yi et al., 2021). The overexpression of MADS-box genes usually results in a delayed senescence process in different organs, which demonstrates the role of negative regulators of senescence. During senescence, lignin deposition is activated in certain kinds of fruit and vegetables besides loquat, such as in wax apple (Hao et al., 2016) and bamboo (Li et al., 2019). But it is unclear whether tissue lignification process during senescence is controlled by MADS-box genes. Interestingly, recent studies found that MADS-box genes are capable of controlling lignin deposition in specific plant tissues such as the stem (Cosio et al., 2017) and fruit flesh (Ge et al., 2021), which expands the scope of MADS-box genes’ molecular functioning. By synthesizing the available information, a hypothesis may be deduced: that MADS-box genes are somehow involved in senescence-triggered lignification in loquat flesh.

In this study, both senescence- and chilling-induced lignification of flesh during the storage of loquat fruits were simulated by temperature treatments. The lignin content of flesh samples under two treatments, 20°C and 0°C, was measured. Transcriptome and correlation analysis were carried out to distinguish the MADS-box genes associated with senescence-induced lignification; a MADS-box gene, named EjAGL15, was found to be positively related to the variation in lignin content of loquat flesh. Meanwhile, the biological function of the identified MADS-box gene for regulating lignin deposition was investigated via the dual luciferase assay.




2 Materials and methods



2.1 Plant materials and treatment

Loquat fruits (E. japonica cultivar ‘Luoyangqing’) were harvested in Luqiao, Zhejiang Province, China, then packaged in plastic foam boxes, and taken to the laboratory by vehicle. Upon arrival the fruits were immediately sorted and selected according to the color of their pericarp, ensuring uniformity of maturity, and transferred to atmosphere chambers. Two chambers were set respectively to 20°C and 0°C, as two treatment groups, thus emulating shelf storage and cold storage conditions, respectively. Fruits were sampled at the beginning of storage, and then again after 2, 6, and 10 days. Each time-point had three biological replicates, with each replicate consisting of four fruits. These fruit flesh samples without the pericarp were immediately frozen in liquid nitrogen for status fixation, then stored at –80°C.




2.2 Lignin content analysis

Total lignin content was measured based on the methodology described by Lowry et al. (1994) with minor modifications applied. The 1-g lyophilized sample was ground into powder and mixed with 100 mL of acidic wash buffer (0.5 mol/L sulfuric acid, 0.05 mol/L hexadecyl trimethyl ammonium Bromide), 2 mL of decahydronaphthalene, and 0.5 g of sodium sulfite in a beaker, then boiled for 60 min. After discarding the acidic wash buffer, the residual material was washed with distilled water until the flow-through became neutral; this was followed by another washing step using about 20 mL of acetone. The washed residual material was transferred into an oven and dried at 105°C for 2 h. This dried residue, which mainly consisted of acid detergent fiber (ADF), was put in a desiccator for 30 min, and cooled to room temperature. The ADF was hydrolyzed in 10 mL of 72% H2SO4 for 3 h then incubated overnight after adding 45 mL of distilled water. The hydrolyzed ADF was weighed (W1) following filtration and a washing step. The residual material was transferred to a muffle furnace and burned for 2.5 h at 550°C, and then weighed (W2). The lignin content was equal to the weight loss (W1–W2) of the residual material.




2.3 Detection of guaiacyl and syringyl lignin units

The 20-mg well-ground sample was mixed with 1 mL of a freshly prepared dioxane solution containing 2.5% boron trifluoride and 10% ethyl mercaptan. The mixture was then incubated at 100°C for 4 h, and the reaction ended by rapid cooling at –20°C for 5 min. Tetracosane was added, as an internal standard, to yield final concentration of 0.1 mg/mL. Meanwhile, each sample was thoroughly mixed with dichloromethane (1 mL) and water (2 mL) for separation. The organic phase was carefully transferred to a new tube into which sodium sulfate was added to remove the water. After complete volatilization, the solute was redissolved in 0.4 mL of dichloromethane. Before its gas chromatography analysis, pyrimidine (50 μL) and bovine serum albumin (100 μL) were added to the sample solution, and it incubated at 25°C for 4 h.

The degraded lignin units were determined by GC/MS (Trace1310 ISQ, Thermo) with a TG-5MS column (Thermo, 30 m × 0.25 mm × 0.25 μm). The GC conditions were set as follows: initial column temperature of 60°C; ramped at 35°C/min, 0.5°C/min, and 50°C/min to 220°C, 230°C, and 280°C respectively, then held for 7 min; injection temperature of 250°C; flow rate of carrier gas: 1.2 mL/min; sample loading volume of 2 μL; injection model: split, using a split ratio of 20:1. The MS conditions were as follows: an EI voltage of 70 eV; ion source temperature of 200°C; interface temperature of 250°C; solvent delay, 5 min; and, monitoring range: 40–650 amu.




2.4 Total RNA extraction and quantitative reverse transcription PCR

Total RNA in the flesh of each replicate sample was extracted using CTAB methods (Shan et al., 2008). Genomic DNA was removed by implementing the TURBO DNA-free kit (Ambion). The quality of extracted RNA was determined by gel electrophoresis and spectrophotometry (Implen), after which the corresponding first-strand cDNA was synthesized using the PrimeScript™ RT reagent kit (Takara). The gene transcripts were quantified on a CFX384 Real-Time System (Biorad), with SsoFast EvaGreen Supermix (Biorad). The primers for quantitative reverse transcription PCR were designed based on the 3’ region of coding sequence, using Primer3 software (v4.0.0; http://bioinfo.ut.ee/primer3/), and are listed in Supplementary Table S1. The PCR program was set to 30 s at 95°C, followed by 45 cycles at 95°C for 5 s and 60°C for 5 s, and completed with a melting curve analysis program. The EjACT (Fu et al., 2012) gene served as an internal control and relative gene expression levels were calculated using the 2–ΔCT method.




2.5 Phylogenetic analysis

The amino acid sequences of Arabidopsis and loquat MADS-box genes were respectively downloaded from TAIR (www.arabidopsis.org) and NCBI (www.ncbi.nlm.nih.gov). The phylogenetic tree was constructed using MEGA 11 (Tamura et al., 2021), by applying the Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT (Jones-Taylor-Thornton) model, and then selecting the topology having the superior log-likelihood value. A discrete Gamma distribution was used to model the differences in evolutionary rate among sites. The branches and gene names were then labeled with different colors, using the ‘ggtree’ (Yu et al., 2017) and ‘treeio’ (Wang et al., 2020) R packages.




2.6 Dual luciferase assay

The dual luciferase assay was performed as previously described (Xu et al., 2014). The coding sequence of EjAGL15 was amplified using the primer listed in Supplementary Table S2 and inserted into the pGreen II 0029 62-SK vector (SK). The promoters of lignin deposition-related genes from both loquat and Arabidopsis were delivered to the pGreen II 0800-LUC vector (LUC). All the recombinant SK and LUC vectors were individually transfected into Agrobacterium tumefaciens GV3101. The glycerol stocks with transfected Agrobacterium were grown in a lysogeny broth (LB) plates with kanamycin (50 μg/mL) and gentamycin (25 μg/mL) for 2 days, and then restreaked onto new LB plates for 1 day. Agrobacterium cells were suspended in an infiltration buffer (10 mM MES, 10 mM MgCl2, 150 mM acetosyringone, pH 5.6) to an optimal density (OD600 = 0.75), then 1 mL of Agrobacterium cultures containing EjAGL15 were mixed with 100 μL of Agrobacterium containing the promoters. The mixtures were then injected into tobacco (Nicotiana tabacum) leaves, via needleless syringes; 3 days after that infiltration, both LUC and REN fluorescence intensities were measured using the dual luciferase assay reagents (Promega). Five replicates were conducted for EjAGL15 and each promoter combination.




2.7 Statistical analyses

Pearson’s correlation coefficient and p-values between the transcript abundance of MADS-box genes and lignin content flesh were first calculated and then arranged in the form of a matrix, using R software (v4.2.2). This matrix was then visualized using the R package ‘corrplot’. Statistical differences were tested by two-tailed, unpaired Student’s t-test and ANOVA followed by Fisher’s LSD test using Origin 2023. For all these analyses, a significance level p < 0.05 was used.





3 Results



3.1 Distinct pattern of lignin accumulation under contrasting temperatures

The amounts of total lignin and the three units consisting of differing monolignols in the flesh of loquat fruits were monitored during their storage under the 20°C and 0°C treatments. The fruits stored at 20°C continuously accumulated lignin in flesh during the whole storage period, increasing their content from 10.15 to 40.6 mg/g, a phenomenon typical of postharvest flesh lignification. On the contrary, lignin accumulation was effectively alleviated by storage at 0°C, though the lignin content did slowly increase from 10.15 to 16.18 mg/g due to chilling injury (Figure 1A). As a kind of dicot plant, loquat’s fruit flesh contains the guaiacyl (G) and syringyl (S) lignin units, but the p-hydroxyphenyl (H) lignin unit was beyond the detection limit (Figures 1B, C). The content of both G and S units changed in a temperature-dependent manner, which again confirmed the stalled lignification by cold storage. The greatest difference in lignin units arose on day 6 of storage, when the G and S units were 52.9% and 66.7% higher than at the onset of storage, respectively, indicating the continuous activation of the lignin biosynthesis pathway.




Figure 1 | Effects of two contrasting storage temperatures on the lignin content of flesh in loquat fruit during its storage. (A) Change of total lignin content during the storage period. (B) Content of the guaiacyl (G) lignin unit. (C) Content of the syringyl (S) lignin unit. Error bars are the SE of the mean, based on n = 3 biological replicates. Different letters indicate significantly different means of groups in the comparison (p < 0.05).






3.2 Quantified transcripts of MADS-box family genes

Because the lignin content of flesh differed significantly between the 20°C and 0°C conditions at 6 days of storage, samples from two time-points (the 1st and 6th day under storage) of each condition were collected for their transcriptome analysis. Although about 89 MADS-box members were annotated in the loquat genome database (Liu et al., 2022), we found only 28 MADS-box genes active above the detection limit of high-throughput sequencing. Next, we tried to trace the transcripts of those MADS-box genes detected in the transcriptome data at all time-points during the storage experiment, as this could provide more information. Due to the low abundance of transcripts, 10 pairs of primers met the requirements for successful measurements. The changed transcript levels of loquat’s MADS-box genes during the storage period are shown in Figure 2. Despite all these genes being expressed differently between the two time-points under the same storage condition, or between the two storage temperatures within the same time-point based on transcriptome data, some of them were statistically insignificant. Actually, the transcript abundances of EVM0016672, EVM0029116, EVM0043458, and EVM0020139 were not significantly different at any time-points within or between storage conditions, whereas EVM003568, EVM0040152, and EVM0068673 were expressed differently only at time-points of a certain storage condition. Additionally, the transcripts of EVM0041929 and EVM0010237 were induced in loquat fruits during their storage under 0°C but maintained at a stable level under 20°C. Meanwhile, their difference in transcripts between temperatures was significant when fruits were stored for 6 days or longer. In contrast to EVM0041929 and EVM0010237, the transcript abundance of EVM0033729 continually increased at 20°C, significantly exceeding that at 0°C after 6 days of storage (Figure 2). The differential responses to temperature of loquat MADS-box genes may point to their distinctive functions in the lignification process under different storage conditions. However, further analysis of differentially expressed MADS-box genes (DEGs) using transcriptome data revealed four genes which exceeded the threshold of both the fold change and p-value between the comparison groups (Supplementary Figures 1A–C), of which EVM0033729 was the only gene differentially expressed in all comparison groups (Supplementary Figure 1D). Thus, EVM0033729 exhibited a unique temperature-dependent expression pattern in loquat flesh during fruit storage, which suggested it was highly involved in the lignification process.




Figure 2 | Characterization of the differentially expressed MADS-box genes by quantitative reverse transcription PCR and the transcriptome analysis. Transcripts of 10 MADS-box genes were monitored during the storage of loquat fruit under 20°C versus 0°C. Error bars are the SE of the mean, based on n = 3 biological replicates. Different letters indicate significantly different means of groups in the comparison (p < 0.05).






3.3 Phylogenetic analysis of MADS-box genes

The sequences of the 10 quantified MADS-box genes were analyzed according to the Conserved Domain Database (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml), and all of them scored hits with specific motifs. All sequences harbored the conserved MADS-box domain at their N terminal (Supplementary Figure 2), which is a homolog to the SRF domain in mammals. But three of the sequences lacked the K domain, as symbolized in the MIKC subgroup of the MADS-box family. The gene structure of each of these MADS-box genes was visualized next, according to the genome data. Genes with or without the K domain differ in the number and length of introns (Supplementary Figure 3). Generally, genes without the K domain have fewer or shorter introns than genes with the K domain. Even EVM0008673 had no introns, implying the conservation of its gene functions during the evolution of loquat plants.

To better predict their biological function, we built a phylogenetic tree using the sequences of the 10 MADS-box genes, together with four previously reported loquat MADS-box genes and Arabidopsis MADS-box analogs, whose functions are well elucidated. Multiple models for describing the substitution pattern were first evaluated and the JTT with a discrete Gamma distribution (JTT+G+F) mixed model yielded the lowest Bayesian Information Criterion (BIC) score (Supplementary Table S3). As Figure 3 shows, the Arabidopsis MADS-box genes were divided into five clades (Mα, Mβ, Mγ, Mδ, MIKC), which is consistent with the findings of an earlier report (Parenicova et al., 2003). Different colors were used to distinguish species and subgroups to enhance their visualization. Evidently, the loquat MADS-box genes are dispersed in a different subgroup of the tree, but the number of loquat genes in each clade varies considerably. Most loquat MADS-box genes are localized at the MIKC group, while the Mα, Mβ, Mγ, and Mδ group included 0, 0, 1, and 2 genes, respectively. This constructed tree provided general structural and evolutionary information about loquat’s MADS-box genes extracted from its genome, but clues concerning lignin-related MADS-box gene were limited. The MADS-box members are mainly considered as key regulators of flowering; hence, the relation between MADS-box genes and lignin content remains poorly elucidated. In fact, Arabidopsis AGL15 is the only member confirmed as involved in lignin deposition (Cosio et al., 2017). Thus, EVM0033729 may have a similar function to AGL15 due to their short evolutionary distance and was renamed EjAGL15 for the follow-up investigation.




Figure 3 | Phylogenetic analysis of loquat and Arabidopsis MADS-box genes. The tree was constructed using the Jones-Taylor-Thornton model. Genes belonging to loquat and Arabidopsis are in red and black, respectively. Arcs with different colors represent the five subgroups of Arabidopsis MADS-box genes.






3.4 Relationship between EjAGL15 transcripts and lignin content during storage

Correlations were tested given that the transcript levels of MADS-box genes and the lignin content of flesh both varied in a temperature-dependent pattern. Genes except EVM0043458 and EVM0040152 had a positive or negative correlation with either the content of monolignols or total lignin (Figure 4 all p-values < 0.05). To obtain more convincing results, the correlations were re-evaluated using a lower threshold p-value. Correspondingly, we uncovered five highly significant correlations (all p-values < 0.01). Specifically, EVM0010237 and EVM0020139 were negatively correlated with the G unit and total lignin content, respectively, while EVM0033729 and EVM0003568 had positive correlations with the either G unit, S unit, or total lignin content. Moreover, when applying a stricter threshold of p < 0.001, the correlation between EVM0033729 and the G or S unit were still significant. Besides, among these MADS-box genes, the coefficient values for the correlations of EVM0033729 were the highest (r = 0.81 and r = 0.79 with the G and S unit, respectively). These empirical clues strongly implied that a close relationship between EjAGL15 and lignin deposition exists in the flesh of loquat fruit.




Figure 4 | Relationship between the change in transcripts abundance and lignin content during the storage of loquat fruit. The Pearson correlation coefficients are visualized by the color gradient (far right). Green color indicates a positive value while purple refers to a negative value for Pearson’s r. The significance of each correlation was visualized by the focal distance of ellipse. A flatter ellipse represents a lower p-value for the correlation. Insignificant correlations under a certain significant level are labeled with the cross symbol.






3.5 Interactions between EjAGL15 and lignin biosynthesis-related genes

Altogether, the above results pinpointed a MADS-box gene, EjAGL15, as being likely involved in regulating the lignification process in fleshy tissues of loquat. Next, the dual luciferase assay was performed to reveal the potential protein-DNA interactions in vivo. As Figure 5A shows, EjAGL15 had a strong activation effect on the promoters of four genes: EjPAL1, Ej4CL1, EjCAD3, and EjCAD4. In addition to the induction of genes participating in the lignin biosynthesis pathway, EjAGL15 also significantly activated certain transcriptional regulators, like EjMYB8, which is a key activator of flesh lignin deposition, suggesting its role as a positive regulator. However, another activator, EjMYB1, was inhibited by transient overexpression of EjAGL15; this runs counter to an increased lignin content of flesh. Meanwhile, activation of the EjMYB2’s promoter could have a negative influence on the rate of lignin deposition as well. Further, the expression of EjPRX12, which is known to be involved in the polymerization of monolignols (Zhang et al., 2022), is inhibited by EjAGL15. This inconsistent influence on positive or negative regulators of the flesh lignification process means that EjAGL15 probably fulfills complex roles in the manipulation of lignin deposition in loquat fruit during the senescence process.




Figure 5 | Biological effect of EjAGL15 on the promoter region of genes in the phenylpropanoid pathway (A) and lignification-related transcription factors (B). Error bars are the SE of means based on five biological replicates. The number of asterisks corresponds to a more stringent significant level (Student’s t-test; "*", "**" and "***" mean p<0.05, 0.01 and 0.001 respectively).







4 Discussion



4.1 EjAGL15 positively modulates lignin deposition in loquat flesh

Fruits generally contain less lignin when compared to other parts of plants. However, the fruit of loquat (E. japonica) accumulates lignin in its flesh during postharvest storage, being a typical example of fruit lignification. Extensive studies have focused on revealing the molecular mechanism behind flesh lignification. A series of transcription factors have been characterized as regulators of flesh lignification in loquat, notably the MYB (Xu et al., 2014; Zhang et al., 2020) and NAC (Ge et al., 2017) family members. Recently, novel regulators other than NAC and MYB have been uncovered, providing new perspectives and insight for understanding the complicated regulatory mechanism of fruity flesh lignification (Xu et al., 2019; Ge et al., 2021; Zhang et al., 2022). Here, we found that the MADS-box family gene EjAGL15 is involved in lignin deposition in fruit flesh. Unlike other regulators of flesh lignification, EjAGL15 is an activator of multiple genes in the phenylpropanoid pathway, including EjPAL1, Ej4CL1, EjCAD3, and EjCAD4. Both EjPAL1 and Ej4CL1 are located upstream of the phenylpropanoid pathway and are responsible for the removal of an amino group of phenylalanine and the addition of coenzyme A, respectively (Boerjan et al., 2003; Vanholme et al., 2019). The EjCAD3 gene encodes an enzyme that catalyzes the conversion of coniferyl aldehyde to coniferyl alcohol (Xu et al., 2019). Accordingly, the strong activation of these genes by EjAGL15 would facilitate the flux of metabolites directed toward monolignol synthesis, which accords with the augmented G and S lignin units observed during loquat fruits’ postharvest storage. Despite its role in lignin biosynthesis, EjAGL15 also regulates lignin monomer polymerization to some extent. Interestingly, EjAGL15 impairs the promoter activity of EjPRX12, which is inconsistent with other monolignol biosynthesis-related genes. Given the molecular functions of enzyme-encoding genes that EjAGL15 activates, the expression of EjAGL15 should lead to the accumulation of coniferyl alcohol and sinapyl alcohol, both being substrates for lignin polymerization. Nevertheless, the repression of EjPRX12’s promoter indicates a negative effect on the polymerization of monolignols, which seems contrary to the lignin content increasing during the postharvest storage period. This contradiction may be explained by the redundancy of genes that encode peroxidase. It has been confirmed that multiple PRXs are associated with lignin content in the stem tissue of Arabidopsis, such as AtPRX52 (Fernandez-Perez et al., 2015b), AtPRX71 (Shigeto and Tsutsumi, 2016), and AtPRX72 (Herrero et al., 2013; Fernandez-Perez et al., 2015a). In loquat, EjPRX12 is able to specifically catalyze sinapyl alcohol (Zhang et al., 2022), and other lignin-related PRX genes have yet to be reported. Considering our findings that the G lignin content continually increases during loquat storage, but EjPRX12 does not use coniferyl alcohol as a substrate, we may infer that other genes encoding peroxidase are required for biosynthesis of the G unit. This circumstantial evidence proves that EjPRX12 alone is insufficient for complete polymerization of all lignin units present in loquat flesh. Meanwhile, those genes responsible for lignin biosynthesis are strongly activated by EjAGL15 and this leads to the accumulation of monolignols. Hence, the sole inhibition of EjPRX12 may not slow the rate of monolignol polymerization enough to significantly reduce the flesh lignin content.

Apart from genes in the phenylpropanoid pathway, EjAGL15 also affects multiple regulators of loquat flesh lignification (Figure 5B). According to the luciferase assay, the EjAGL15 had an activation or repression effect on the promoters of MYB, AP2, and NAC family members. Both EjMYB2 and EjMYB8 are significantly up-regulated by EjAGL15 whereas EjMYB1 and EjAP2-1 are repressed. Interestingly, the regulatory effects of EjAGL15 on different lignification regulators does not lead to a consistent influence upon Ej4CL1, which is the direct target of EjMYB1, EjMYB2, and EjMYB8. For instance, EjMYB2 and EjMYB8 are a repressor and activator of Ej4CL1, respectively, and yet both are activated by EjAGL15. In general, EjAGL15 functions more like a positive regulator of flesh lignification due to its strong activation of genes encoding lignin biosynthesis-related enzymes and its significant positive correlation with lignin content.

Although EjAGL15 has biological functions vis-à-vis multiple lignin-related genes, the direct linkage between EjAGL15 and them or regulators of lignification have not been established. Intriguingly, the abundance of EjMYB8 and EjERF39 transcripts remained at a markedly low level at 20°C versus 0°C (Zhang et al., 2020), which presumably limits their activation effect on Ej4CL1’s promoter. Hence, we suspect the strong activation on Ej4CL1 by EjAGL15 should be mediated by genes other than EjMYB8 and EjERF39, this corresponding to the existence of a senescence-specific signal transduction routine in which EjAGL15 acts as one of the key nodes.




4.2 EjAGL15 is involved in senescence-induced flesh lignification

In loquat fruits, lignin gets deposited in their flesh during postharvest storage at either 20°C or 0°C and the responsible mechanisms are thought differ (Yang et al., 2010). Generally, senescence and chilling injury are considered crucial factors that account for the postharvest lignification of loquat at 20°C and 0°C, respectively, in that both processes entail genes being activated in the phenylpropanoid pathway, such as Ej4CL1 and EjCAD5 (Li et al., 2017; Xu et al., 2019). According to previous reports, the lignin deposition in loquat flesh in response to chilling injury is mainly regulated by various transcription factors, such as those in the MYB family (Xu et al., 2014; Zhang et al., 2020); however, it remains unclear whether senescence-induced lignin deposition is likewise under control of that same set of genes. Actually, transcript profiles during loquat fruit’s storage at 20°C have not been characterized for most of its transcription factors active in the regulation of chilling-induced flesh lignification, with the exception of EjMYB8 and EjERF39. However, the abundance of EjERF39 and EjMYB8 transcripts is low during storage at 20°C (Zhang et al., 2020), indicating their absence in modulating lignin deposition during senescence. The limited results discovered previously left it difficult to reliably identify key regulators of senescence-induced lignin deposition in loquat flesh. In this study, we discovered a MADS-box gene, EjAGL15, whose transcription was induced during storage at 20°C but at 0°C it declined continually. The expression pattern of EjAGL15 indicates this gene has a close relationship with senescence, as confirmed by the Pearson correlations with the flesh lignin data. Further, EjAGL15 probably fulfills its function only at 20°C given the low abundance of its gene transcripts at 0°C. Collectively, these clues indicate that EjAGL15 drives a rapid augmentation of lignin content under loquat fruit's storage at 20°C, but not so at 0°C. Thus, EjAGL15 tends to activate lignin biosynthesis via senescence-induced lignification rather than a reliance on chilling.

The senescence-related expression pattern of EjAGL15 is consistent with its homologs in Arabidopsis. The Arabidopsis AGL15 is a repressor of senescence and overexpressing this gene leads to the increase of perianth longevity (Fang and Fernandez, 2002). The delay in perianth abscission originates from the repression of abscission-related genes, like the receptor-like protein kinases HAESA, by AGL15 in Arabidopsis (Patharkar and Walker, 2015). On the other hand, AGL15 has been suggested to function as a regulator in lignified tissue formation (Cosio et al., 2017). Although it could be hypothesized that AGL15 postpones the senescence-induced abscission of perianth by regulating lignin deposition in the abscission zone, the detailed mechanism by which AGL15 manipulates lignin deposition has not been fully revealed. Thus, it is hard to predict the exact targets of EjAGL15 based on its Arabidopsis homologs. Here, we identified several potential targets of the EjAGL15, including Ej4CL1, EjCAD3, EjCAD4 and EjPRX12, which explains how senescence can trigger flesh lignification in loquat. EjPRX12 most resembles the homolog of Arabidopsis PRX17, which is reportedly under regulation by AGL15. Similarly, in this study, we find that EjAGL15 significantly inhibits the promoter of EjPRX12. However, the activation effect of EjAGL15 upon lignin biosynthesis-related genes such as Ej4CL1, EjCAD3, and EjCAD4 has not been found in Arabidopsis. Our data indicate EjAGL15 may regulate not only polymerization but also the biosynthesis of monolignol. The discovery of EjAGL15 provides a node that had been missing in the complex network used to regulate senescence-induced lignification, making it now possible to screen other genes that work synergistically or antagonistically with EjAGL15.




4.3 The discovery of EjAGL15 extends our understandings of the regulatory mechanism of lignin-related MADS-box gene in loquat

Generally, MADS-box genes are considered to operate as regulators of flower morphogenesis or pollen maturation (Michaels and Amasino, 1999; Yu et al., 2014). For example, the loquat MADS-box genes EjCAL can promote the flower bud differentiation process (Xu et al., 2022). The connection between MADS-box genes and fruit lignification could not be established until the loquat EjAGL65 was first identified (Ge et al., 2021). The EjAGL65 gene is responsive to chilling injury but not senescence, and it negatively regulates lignin biosynthesis. As the second lignin-related MADS-box gene found in loquat, EjAGL15 differs from EjAGL65 in many aspects. Firstly, EjAGL15 is not a member of the Mδ subgroup to which EjAGL65 belongs. Through phylogenetic analysis we find that EjAGL15 is assigned to the MIKC subgroup of Arabidopsis, as per the classification by Parenicova et al. (2003). Members of that MIKC subgroup have been proven to play pivotal roles in plant development (Gramzow and Theissen, 2010; Schilling et al., 2020) and plant responses to stress (Arora et al., 2007; Jia et al., 2018). Interestingly, EjAGL15 is a close homolog of Arabidopsis AGL15, which participates in age-dependent lignified tissue formation (Cosio et al., 2017). Overexpressing AGL15 leads to the deposition of lignin in the dehiscent zone of petal and sepal parts in Arabidopsis, thus delaying the senescence of perianth (Fang and Fernandez, 2002). The results of the present study imply a similar role for EjAGL15 as a positive regulator of lignin deposition. But the increased abundance of EjAGL15 transcripts in flesh tissue results in the deposition of lignin in the same area, which unexpectedly changed the function of EjAGL15: from delaying senescence to deteriorating fruit quality. Secondly, EjAGL15 was able to activate lignin biosynthesis-related genes and its transcript abundance is positively correlated with lignin content, which suggests an effect opposite that exerted from EjAGL65 on regulating flesh lignification. In addition, EjAGL15 exacts a biological effect on multiple targets in the phenylpropanoid pathway, but the target of EjAGL65 is limited to Ej4CL1. Furthermore, EjAGL15 and EjAGL65 are induced by different storage temperatures and regulate lignin deposition under differing physiological disorders. All the above lines of evidence point to EjAGL15 and EjAGL65 respectively having a positive and negative influence upon flesh lignin deposition, for which the genes recruited by them for transducing the signal from senescence and chilling injury also differ. Considering the fact that the lignin content of loquat fruit flesh increased so rapidly under the 20°C treatment condition, in tandem with key regulators of chilling-induced lignification like EjMYB8 and EjERF39 not being highly transcribed, EjAGL15 probably activates lignin biosynthesis via a pathway that is independent of the currently discovered transcription factors. Altogether then, the MADS-box family genes EjAGL15 and EjAGL65 are deeply involved in manipulating senescence- and chilling-induced lignin deposition, respectively.





5 Conclusion

This study identified a MADS-box gene, EjAGL15, induced by senescence. EjAGL15 belongs to the MIKC subgroup of the MADS-box family and shows a positive correlation with the lignin content of loquat fruit flesh. The dual-luciferase assay revealed EjPAL1, Ej4CL1, EjCAD3, EjCAD4, and EjPRX12 as potential targets of EjAGL15. Similar to its Arabidopsis homolog AGL15, EjAGL15 functions in facilitating lignin deposition. However, in contrast to AGL15 which delays the abscission of perianth by depositing lignin in the dehiscent zone, EjAGL15 expression is induced in the flesh of loquat fruit, contributing to the deterioration of its fruit quality during storage.
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Use of basil in its fresh form is increasingly popular due to its unique aromatic and sensory properties. However, fresh basil has a short shelf life and high chilling sensitivity resulting in leaf browning and loss of characteristic aroma. Moderate CO2 atmospheres have shown potential in alleviating symptoms of chilling injury in basil during short-term storage but its effect on the flavor volatiles is unclear. Moreover, studies on basil volatile profile as impacted by chilling temperatures are limited. We investigated the response of two basil genotypes to low temperatures and atmosphere modification, with emphasis on the volatile organic compounds responsible for basil aroma and flavor. Leaves were stored for 6 days at 5, 10, or 15°C combined with three different CO2 atmospheres (0.04%, 5% or 10%). Basil volatile profile was assessed using headspace solid phase microextraction (HS-SPME) coupled with gas chromatography-mass spectrometry (GC-MS). Leaves suffered severe chilling injury and greater loss of aroma volatiles at 5°C compared to 10°C and 15°C. More than 70 volatiles were identified for each genotype, while supervised multivariate analysis revealed 26 and 10 differentially-accumulated volatiles for ‘Genovese’ and ‘Lemon’ basil, respectively, stored at different temperatures. Storage in 5% CO2 ameliorated the symptoms of chilling injury for up to 3 days in ‘Genovese’, but not in ‘Lemon’ basil. Both chilling temperatures and controlled atmospheres altered key volatile compounds implicated in basil aroma and flavor, but temperature had a bigger influence on the observed changes in volatile profile.
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1 Introduction

Basil (Ocimum spp.) is one of the most popular aromatic herbs grown in several regions of the world. It is considered an ultra-niche crop, one of exceptionally high-value that can provide a significant source of income to growers while using minimal land area (Matthews et al., 2018). As a culinary herb, basil leaves provide a crisp and aromatic element to a variety of food and beverage preparations. It is also a source of essential oils, aroma compounds, and valuable phytonutrients known for their antioxidant properties (Simon et al., 1999; Filip, 2017). With the expanding market for fresh aromatic herbs, basil leaves have emerged as a significant segment in the global food ingredients market. The demand for fresh basil has increased immensely through the years due to the shift to healthier and better-tasting food preparations (Curutchet et al., 2014). However, fresh basil has a relatively short shelf life and is very sensitive to chilling temperatures (Cantwell and Reid, 1993; Lange and Cameron, 1997). Storage of basil at temperatures below 12°C during postharvest handling and transport results in chilling injury, characterized by brown discoloration of the interveinal areas of the leaf, stem browning and collapse, loss of glossy appearance, wilting of the leaves and loss of characteristic aroma (Lange and Cameron, 1994; Aharoni et al., 2010).

In basil, a range of management approaches at the farm level have been shown to lessen the severity of chilling injury, such as harvesting in the afternoon (Lange and Cameron, 1994; Aharoni et al., 2010), acclimating plants with less severe low temperatures before and after harvest (Lange and Cameron, 1994; Lange and Cameron, 1997), applying plant hormone treatments (Satpute et al., 2019) or applying artificial lighting during production (Dudai et al., 2017; Jensen et al., 2018). These methods can be supplemented by postharvest strategies to maximize the effect. Controlled atmospheres (CA) and modified atmosphere packaging (MAP) are some techniques used to alleviate chilling injury during transit and storage (Kader et al., 1989). Lowered O2 and increased CO2 concentrations achieved by atmosphere modification retard deterioration of harvested produce due to effects on physiological processes, including respiration, ethylene production, cellular composition, pathological breakdown, and other metabolic changes (Cantwell and Reid, 1993). Most atmosphere modification studies on basil have centered on extending the shelf life and delaying senescence at or above optimum temperatures for storage, i.e. 12°C (Lange and Cameron, 1998; Amodio et al., 2005; Kenigsbuch et al., 2009; Jirapong et al., 2010; Patiño et al., 2018). However, there is a need to explore the potential of CA storage at chilling temperatures, especially since basil is a chilling-sensitive crop and is being transported commercially in refrigerated vans with other chilling-tolerant commodities. Storage at moderate CO2 atmospheres showed promise in alleviating chilling injury in ‘Genovese’ and ‘Thai’ basil (Rodeo and Mitcham, 2022). Whether this alleviation impacts basil aroma and flavor remains unknown.

Volatile organic compounds (VOCs) are responsible for the characteristic aroma and flavor of basil (Chang et al., 2007). Basil volatile profile consists mostly of monoterpenes, sesquiterpenes, and phenylpropenes, and a large number of these secondary metabolites are produced and stored in the glandular trichomes on the surface of the leaves (Gang et al., 2001; Iijima et al., 2004a). Different Ocimum species and cultivars vary in their essential oil components, which confer distinct taste and aroma. The sweet basil cultivars have a rich spicy pungent aroma due to the presence of compounds such as linalool, estragole (methylchavicol), 1,8-cineole and eugenol (Simon, 1995; Simon et al., 1999). The aroma of estragole can be compared to that of anise. Linalool and 1,8-cineole respectively give the floral and camphoraceous notes while eugenol is reminiscent of cloves (Burdock and Fenaroli, 2010). Lesser known types and some cultivars of commercial importance can contain a wide range of aromas and unique flavors, including lemon, licorice, or cinnamon (Simon, 1995; Simon et al., 1999).

Since basil is most commonly used as a culinary herb, it is vital that sensory attributes, particularly its aroma and flavor, are preserved because these contribute to the overall eating quality and consumer satisfaction. It is, therefore, important to find the best storage conditions that will limit significant alterations in volatile constituents and hence, flavor. Loss of these volatile organic compounds is among the consequences of chilling injury in fresh herbs (Xiao et al., 2015). Aroma and flavor loss could precede visible chilling symptoms manifestation, and assessment of volatile changes can be utilized as a diagnostic marker for imminent stress which can affect the condition of fresh produce (Cozzolino et al., 2016). Yet, information on the changes in volatile compounds of fresh basil subjected to chilling temperatures is limited. Moreover, the ability of controlled atmospheres to modulate the impacts of low temperature storage on basil volatile compounds has not been documented.

In the present work, we analyzed changes in the volatile compounds of two chilling-sensitive basil genotypes, ‘Genovese’ (Ocimum basilicum) and ‘Lemon’ (Ocimum × citriodorum), stored at different temperatures in an attempt to identify volatile markers implicated in the chilling response of the said basil types. We also explored the potential of moderate CO2 atmospheres to alleviate chilling injury in both ‘Genovese’ and ‘Lemon’ and the impact of controlled atmospheres and low temperatures on the concentration of key basil flavor volatiles.




2 Materials and methods



2.1 Plant material

‘Genovese’ and ‘Lemon’ basil seeds were obtained from Botanical Interests® (Broomfield, CO, USA) and sown in a mixture of peat and sand (1:1 ratio by volume). Approximately 2 weeks after germination, seedlings were transplanted into 3-L pots with the same media and grown inside a climate chamber (BioChambers, Winnipeg, MB, Canada) set at 27 ± 0.2°C and 86 ± 5.6% RH with a 16-h photoperiod and canopy irradiance of 200 µmol m-2 s-1 provided by cool-white fluorescent lamps (Philips, Cambridge, MA, USA). Sixty days after sowing, leaves from the first four nodes starting from the apex were harvested and randomly packed inside a vented plastic clamshell (18.7 × 12.1 × 8.3 cm). Three clamshells per treatment, each containing approximately 15-30 leaves, depending on leaf size, were used for storage experiments.




2.2 Storage conditions

Clamshells containing basil leaves were stored at 5, 10 or 15°C. For each temperature, the leaves were exposed to three atmospheres: 10% CO2 + 11% O2; 5% CO2 + 16% O2; and 0.04% CO2 + 21% O2. Gas mixtures were passed through a gas flow board at a continuous flow rate of 100 mL min-1, bubbled through water for humidification, then supplied to plastic bags containing three clamshells each. One flow board delivered gas mixtures to three bags, each serving as a replicate. Gas concentration inside each bag was measured periodically using a CO2/O2 gas analyzer (Bridge Analyzers, Bedford Heights, OH, USA). Three clamshells (one from each bag) were withdrawn from storage for assessment of chilling injury and analysis of volatile changes after 3 and 6 days, and after an additional 2 days of storage at 20°C in air following 6 days of controlled atmosphere exposure.




2.3 Assessment of chilling injury

Visual damage due to chilling injury (i.e. browning of leaves) was assessed using the following scale (Wongsheree et al., 2009): (1) no damage, (2) several dark spots, (3) less than 30% of total leaf area brown, (4) 30–50% of leaf area brown, and (5) more than 50% of leaf area brown. Electrolyte leakage was determined according to the method described by Cozzolino et al. (2016) with slight modification. In brief, approximately 0.5 g of square leaf segments (0.5 cm2), collected from three random leaf samples in clamshells previously stored at 5, 10, or 15°C, were washed with ultrapure water and placed in 10 mL of an isotonic solution of 0.1 M mannitol. Sample electrical conductivity was measured using a dual channel benchtop meter (Mettler Toledo, Columbus, OH, USA), after incubation for 30 min on a rotary shaker (Hoefer Scientific Instruments, San Francisco, CA, USA). Total conductivity was recorded following a 48-hour freeze/thaw cycle. Electrolyte leakage was recorded as the percentage ratio of initial over total conductivity.




2.4 Volatile analysis by gas chromatography-mass spectrometry

Headspace volatile compound analysis was performed using solid phase microextraction (SPME). Approximately 0.75 g of square leaf segments (0.5 cm2) from three random basil leaf samples in a clamshell were immediately placed in a 20-mL headspace vial with a magnetic screw cap lined with a PTFE/silicon septum (Agilent Technologies, Santa Clara, CA, USA). SPME was performed using a divinylbenzene/carboxen on a polydimethylsiloxane (DVB/CAR/PDMS) 50/30 µm fiber (Supelco, Bellefonte, PA, USA) for 30 min at 40°C. The SPME fiber was injected into a gas chromatograph (Agilent Technologies 6890N Network GC System) paired with a 5975B inert XL EI/CI mass selective detector (Agilent Technologies, Santa Clara, CA, USA). The injection port was maintained at 250°C and the volatile compounds were separated in an Agilent DB-WAX Ultra Inert (30 m × 0.25 mm × 0.5 µm) capillary column using helium as the carrier gas at 1.2 mL min-1 flow rate. The initial oven temperature was set at 40°C and held for 5 min, then increased to 80°C at a rate of 5°C min-1 followed by a 200°C-ramp up at a rate of 10°C min-1, and finally up to 250°C at 20°C min-1, where it was held for 10 min. Total GC run time was 37.5 min with 1 min post-run time at 260°C. The mass selective detector was operated in electron ionization mode (70 eV) with a full scan mass range of 30–300 m/z (threshold: 150). The transfer line, ion source, and quadrupole temperatures were set at 280, 230, and 150°C, respectively.

Data collection and processing were done with Agilent MSD ChemStation. Volatile compounds were identified by matching their mass spectra to the NIST05 mass spectral database and comparison of their retention times with authentic standards, when available. Further identification was done by comparing their linear retention indices (RI) with those found in the literature, determined relative to the retention time of a C8-C20 n-alkane series run under the same GC conditions. Relative quantification of volatiles was carried out by comparison of their peak areas to that of stable isotope external standards. Hexanol-d13 (alcohols), octanal-d16 (aldehydes, ketones, and esters), and α-methylstyrene-d10 (terpenoids and phenylpropanoids) (C/D/N Isotopes, Pointe-Claire, QC, Canada) were used to represent the range of compounds found in basil. Standards were run externally to avoid potential competition for SPME adsorption sites between internal standards and native headspace compounds, and to limit any interference with the natural equilibrium that might happen during extraction (Franklin et al., 2017).




2.5 Statistical analysis

Volatile concentration data was log-transformed and auto-scaled prior to comprehensive downstream analysis using the web-based software MetaboAnalyst 5.0 (Xia et al., 2009). Univariate analysis was performed to determine the statistical significance and fold change of volatile compounds between chilling and non-chilling temperatures. Multivariate analyses such as Principal Component Analysis (PCA) and Orthogonal Projections to Latent Structures-Discriminant Analysis (OPLS-DA) were also employed to visualize patterns and maximize separation of differential metabolites. Leave-one-out cross-validation (LOOCV) and permutation tests (1000 permutations) were performed to assess the quality of the model and the tendency for data overfitting. The Variable Importance in Projection (VIP) was used to determine the relative importance of each volatile in the OPLS-DA model. Differential volatiles were screened based on the combination of three parameters: VIP ≥ 1, fold change ≥ 2 or ≤ 0.5, and p-value (≤ 0.05) adjusted for false discovery rate (FDR).

A three-way ANOVA was performed to determine the effect of storage temperature, atmosphere treatments, and storage duration on the volatile compounds. Post hoc analysis was carried out by Tukey’s Honest Significant Difference. PCA, hierarchical cluster analysis, and heat maps were performed and built using R 4.2.0 in RStudio (Posit, PBC).





3 Results



3.1 Chilling injury parameters as affected by temperature

Chilling injury (CI) development in basil leaves was affected by temperature and the duration of storage, in ‘Genovese’, and by the interaction of both factors in ‘Lemon’ basil. To highlight the sole effect of temperature without atmosphere modification, a separate plot was presented considering only air storage (Figure 1). Browning and blackening as a symptom of chilling injury was higher in leaves stored at 5°C compared to the ones held at 10 or 15°C for both basil genotypes throughout storage (Figures 1A, B). Electrolyte leakage followed the same trend as CI index, except that after 2 days at 20°C following 6 days storage at chilling temperatures, no difference was found between leaves stored at 5 and 10°C.




Figure 1 | Chilling injury (CI) index (left) and electrolyte leakage (right) of ‘Genovese’ (A) and ‘Lemon’ (B) basil stored at 5, 10 and 15°C for 6 days + additional 2 days at 20°C (broken lines). Means with the same letter within a storage period are not significantly different (p < 0.05).






3.2 Temperature and atmosphere treatment effects on chilling injury parameters

The development of browning symptoms in ‘Genovese’ basil was affected by the atmosphere and the interaction between temperature and duration of storage. Browning symptoms, as a manifestation of CI, were greater at 5°C compared to 10 or 15°C, regardless of atmosphere and duration of storage. There was no significant difference in CI index between basil leaves held at 10 and 15°C, except during post-storage at 20°C for leaves stored under 0.04% CO2. Storage in 5% CO2 alleviated chilling injury for up to 3 days at 5°C, as shown by lower CI index and electrolyte leakage (Figure 2A).




Figure 2 | Chilling injury (CI) index (left) and electrolyte leakage (right) of ‘Genovese’ (A) and ‘Lemon’ (B) basil stored under various CO2 atmospheres (0.04, 5 or 10% CO2) and temperatures (5, 10, or 15°C) for 3 days, 6 days, and 6 days + additional 2 days at 20°C (broken lines). Means with the same letter within a storage period are not significantly different (p < 0.05).



In ‘Lemon’ basil, browning symptom development was affected by the interaction of temperature, atmosphere, and duration of storage. On the other hand, electrolyte leakage was influenced by the duration of storage and the interaction of atmosphere treatment and temperature. Neither 5% nor 10% CO2 alleviated chilling injury in leaves stored at 5°C since no differences were observed in browning symptoms or electrolyte leakage among the atmosphere treatments (Figure 2B). Storage at 10% CO2 even resulted in higher browning development and electrolyte leakage after 6 days of storage at 10°C and after 2 days post-storage at 20°C following storage at 15°C. Unlike ‘Genovese’, leaf browning was observed in ‘Lemon’ basil even at 15°C.




3.3 Effect of chilling temperatures on volatile profile

More than 70 volatile compounds were identified for each of the basil genotypes under study (Supplementary Tables 1, 2). Unsupervised multivariate analysis was done to determine the internal structures of several variables and how these relate based on the principal components. PCA scores plots showed the effect of temperature on the biological replicates (Figures 3A, B). For both ‘Genovese’ and ‘Lemon’, there was considerable overlap between samples stored at temperatures of 10 and 15°C, as exemplified by the clustering together of the different replicates. On the other hand, these two groups were held distinct to that of samples stored at 5°C, which tended to move away from the clustering. To further maximize the separation and determine what caused this distinction, orthogonal projections to latent structures-discriminant analysis (OPLS-DA) was done. For both genotypes, a distinct separation in volatile constituents was observed between 10 and 5°C, and between 15 and 5°C, but not between 10 and 15°C (Figures 3A, B). Q2 values greater than 0.5 in cross-validation and permutation tests suggested an adequately reliable model for both ‘Genovese’ and ‘Lemon’ (data not shown). To screen for differentially accumulated volatiles (DAVs) at different temperatures, the VIP parameter (≥ 1) from the OPLS-DA model was used together with fold change (≥ 2 or ≤ 0.5) and FDR-adjusted p-value (≤ 0.05). Based on the thresholds set, there were 28 DAVs between 10 and 5°C and 42 DAVs between 15 and 5°C in the ‘Genovese’ variety, all of which were downregulated when stored at 5°C (Supplementary Tables 3A, B). In ‘Lemon’ basil, there were 12 DAVs between 10 and 5°C (9 downregulated and 3 upregulated at 5°C) and 23 DAVs between 15 and 5°C (18 downregulated and 5 upregulated at 5°C) (Supplementary Tables 4A, B). There were 26 DAVs found common in both comparison groups for ‘Genovese’, while 10 DAVs were common in both comparison groups for ‘Lemon’. These volatile compounds could play potential roles in the chilling injury response at 5°C and can be starting points for volatile markers to indicate chilling injury in the said genotypes.




Figure 3 | Principal component analysis (PCA) scores plots (left) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) scores plots (middle and right) for ‘Genovese’ (A) and ‘Lemon’ (B) basil, separated according to the accumulation of volatile compounds at different temperatures. OPLS-DA scores plots are showing 10°C vs 5°C (middle) and 15°C vs 5°C (right) comparison groups, respectively. Confidence regions (95%) are shown in colored ellipses.






3.4 VOCs response to combined temperature and controlled atmosphere treatments

The loss of volatile compounds in both genotypes was greater at lower temperatures. A sudden decline in volatile constituents was observed after 3 days at 5°C and continued until day 8 (i.e. withdrawal after 6 days at chilling temperatures and then holding for 2 days at 20°C) (Supplementary Figure 1). No significant differences were observed in total combined volatiles among the three CO2 atmosphere treatments in ‘Genovese’ (p = 0.955) and ‘Lemon’ (p = 0.795). More than half of the reduction in volatile compounds was due to decreases in the monoterpenes and sesquiterpenes.

Three-way ANOVA revealed that some VOCs were affected by the interactions between temperature, atmosphere treatment, and duration of storage. However, a lot of variations can be explained by a stronger effect of temperature and duration of storage compared to the controlled atmosphere treatment (Supplementary Tables 1, 2). PCA scores plots also supported this observation, separating atmosphere treatments into clusters depending on the accompanying temperature (Figure 4). In ‘Genovese’ basil, the first principal component (PC1) explained 77.3% of the variation in the data, clearly separating the 10°C and 15°C temperature groups from the 5°C group. The second principal component (PC2) explained 11.7% of the variation and separated the 10°C group from the 15°C group, as well as the CO2 treatment groups at 5°C and 10°C. In ‘Lemon’ basil, PC1 and PC2 explained 56.9% and 13.5% of the variation in the data, respectively, with PC1 separating the 10°C and 15°C temperature groups from the 5°C group, and PC2 separating the atmosphere groups at 5°C. Temperature and CO2 treatment groups at 10°C and 15°C tended to cluster together in ‘Lemon’ compared to in ‘Genovese’.




Figure 4 | Principal component analysis (PCA) scores plots for ‘Genovese’ (A) and ‘Lemon’ (B) basil separated according to the accumulation of volatile compounds at different temperature and CO2 atmosphere combinations. Leaves are stored under various CO2 atmospheres (0.04, 5 or 10% CO2) and temperatures (5, 10, or 15°C) for 6 days + additional 2 days at 20°C. Confidence regions (95%) are shown in colored ellipses.



Cluster dendogram and heat maps provided insights on the changes in VOC profile expression in the different temperature and atmosphere treatment combinations. Based on the similarities in volatile compound expression in ‘Genovese’ basil, temperature groups were clustered together, as exemplified by the greater loss of terpenoid compounds at 5°C than at 10°C, and higher expression of these volatiles at 15°C (Figure 5A). Differences among CO2 atmosphere treatments within a temperature group can best be seen at 10°C, with 5% CO2 treatment showing higher production of terpenoid compounds and 10% CO2 showing high expression of aliphatic alcohols and aldehydes. In ‘Lemon’ basil, cluster separation was observed between the 5°C temperature group and the 10 and 15°C temperature groups, the latter being clustered together, as we observed in the PCA scores plot. Similar to ‘Genovese’, cluster separation was underscored by the largest reductions in most terpenoid compounds and the largest increases of aliphatic and terpene alcohols at 5°C (Figure 5B).




Figure 5 | Heatmap of volatile expression for ‘Genovese’ (A) and ‘Lemon’ (B) basil stored under various CO2 atmospheres (0.04, 5 or 10% CO2) and temperatures (5, 10, or 15°C) for 6 days + additional 2 days at 20°C. Orange and green colors correspond to upregulation and downregulation, respectively.






3.5 Impact of temperature and CO2 atmospheres on key flavor volatiles

Out of more than 70 volatile compounds detected and identified for each genotype under study, our analysis was focused mostly on key compounds responsible for basil’s characteristic aroma and flavor. These compounds confer green, woody, fresh, floral and clove aroma and flavor to ‘Genovese’ and a citrusy with a hint of woody, green, spicy, anethole, fresh, floral, and sweet rose aroma to ‘Lemon’ basil (Simon et al., 1999; Al-Kateb and Mottram, 2014; Hammock et al., 2021; Patel et al., 2021).



3.5.1 ‘Genovese’ basil

The concentration of key flavor volatile compounds α-pinene, β-pinene, β-myrcene, 1,8-cineole, cis-β-ocimene, linalool, and eugenol decreased with storage duration and were mostly affected by storage temperature (Figure 6; Supplementary Table 1). When stored in 0.04% CO2, levels of these volatiles were generally lower at 5°C compared to 15°C, although the trend was only statistically significant in α-pinene and β-pinene after 6 days, in cis-β-ocimene for all storage periods, and in eugenol after 3 and 8 days (6 days + additional 2 days at 20°C) (Figures 6A–G). When stored in 10% CO2, the concentrations of α-pinene, β-pinene, β-myrcene, 1,8-cineole, cis-β-ocimene, linalool, and eugenol were significantly lower at 5°C compared to 15°C after 6 days (Figures 6A–G), while only cis-β-ocimene was significantly lower after 3 days (Figure 6E). In 5% CO2, cis-β-ocimene concentration showed a significant decrease when stored at 5°C compared to 15°C after 6 days. Following 2 days of post-storage at 20°C, the levels of cis-β-ocimene, linalool, and eugenol were significantly lower at 5°C compared to 15°C whether leaves were held in 5% or 10% CO2 (Figures 6E–G).




Figure 6 | Concentration of key flavor volatiles of ‘Genovese’ basil stored at different temperatures (5, 10, or 15°C) and CO2 atmospheres (0.04, 5 or 10% CO2) for 3 days, 6 days, or 6 days + additional 2 days at 20°C. (A) α-Pinene, (B) β-Pinene, (C) β-Myrcene, (D) 1,8-Cineole, (E) cis-β-Ocimene, (F) Linalool, (G) Eugenol, (H) cis-3-Hexenal, (I) cis-3-Hexen-1-ol, (J) cis-3-Hexenyl acetate. Means with the same letter within a storage period are not significantly different (p < 0.05).



The concentration of cis-3-hexenal was affected by the atmosphere, temperature, and the duration of storage. An increase in concentration was observed after 3 days of storage regardless of temperature (Supplementary Table 1). Although cis-3-hexenal levels were generally higher in 5% and 10% CO2, no significant differences were observed between atmospheres for a specific temperature. However, leaves stored at 5°C had significantly lower cis-3-hexenal content compared to 15°C in 0.04% CO2 and 10% CO2 during post-storage at 20°C (Figure 6H).

The concentrations of cis-3-hexen-1-ol and cis-3-hexenyl acetate were affected by the interaction between temperature and duration of storage. A sudden increase was also observed after 3 days but unlike other key volatiles mentioned above, the concentration of these two compounds were generally higher at lower temperatures during the first 6 days of storage (Figures 6I, J). Nonetheless, only the levels of cis-3-hexen-1-ol in 0.04% CO2 showed a statistically significant result after 3 days of storage (Figure 6I).




3.5.2 ‘Lemon’ basil

Neral (cis-citral) and geranial (trans-citral) were the two most abundant volatile compounds in ‘Lemon’ basil, with 10-fold higher concentrations than other volatile compounds. The concentrations of these citral geometric isomers and green leaf volatile cis-3-hexen-1-ol were affected by the interaction between the atmosphere, temperature, and duration of storage (Supplementary Table 2). Linalool and estragole concentration were affected by temperature and duration of storage, that of β-caryophyllene by the two-way interactions between atmosphere and temperature, and temperature and duration of storage, while cis-3-hexenal, and (E)-2-hexenal content were influenced by the respective interaction of atmosphere and temperature with duration of storage. Nerol and geraniol concentrations were influenced by the two-way interactions between atmosphere, temperature, and duration of storage.

The concentration of these key volatile compounds decreased during storage and was generally lower at 5°C compared to 15°C, except for nerol and geraniol which showed a reverse trend following post-storage at 20°C (Figure 7; Supplementary Table 2). β-caryophyllene concentration was significantly lower at 5°C compared to 15°C following 3 and 6 days of storage in 0.04% CO2 (Figure 7E) while a similar trend was observed for neral, geranial, estragole and cis-3-hexenal, but only after 6 days of storage in in 0.04% CO2 (Figures 7A, B, D, G). The concentration of (E)-2-hexenal was higher at 10°C compared to 5°C in 0.04% CO2 for all storage periods while the same trend was observed in cis-3-hexen-1-ol levels but only after 6 days of storage (Figures 7F, H).




Figure 7 | Concentration of key flavor volatiles of ‘Lemon’ basil stored at different temperatures (5, 10, or 15°C) and CO2 atmospheres (0.04, 5 or 10% CO2) for 3 days, 6 days, or 6 days + additional 2 days at 20°C. (A) Neral, (B) Geranial, (C) Linalool, (D) Estragole, (E) β-Caryophyllene, (F) cis-3-Hexen-1-ol, (G) cis-3-Hexenal, (H) (E)-2-Hexenal, (I) Nerol, (J) Geraniol. Means with the same letter within a storage period are not significantly different (p < 0.05).



When stored in 10% CO2, significantly lower volatile concentrations were observed at 5°C compared to 15°C in neral and geranial after 3 days, in neral, cis-3-hexen-1-ol, and (E)-2-hexenal after 6 days, and in cis-3-hexenal after 6 and 8 days (6 days + additional 2 days at 20°C) (Figures 7A, B, F, G, H). In addition, cis-3-hexenal and (E)-2-hexenal concentrations were significantly lower at 5°C compared to 10°C after 3 days of storage (Figures 7G, H).

When stored in 5% CO2, significantly lower volatile concentrations were observed at 5°C compared to 15°C in neral, geranial, and β-caryophyllene after 3 days, in cis-3-hexen-1-ol after 6 days, and in cis-3-hexenal after 6 and 8 days (6 days + additional 2 days at 20°C) (Figures 7A, B, E, F, G). The concentration of (E)-2-hexenal was significantly lower at 5°C compared to 10°C after 3 and 6 days of storage (Figure 7H). In contrast, nerol and geraniol concentrations were significantly higher at 5°C compared to 10 and 15°C following 2 days post-storage at 20°C (Figures 7I, J).






4 Discussion

Basil is one of a few chilling-sensitive culinary herbs (Cantwell and Reid, 1993). Chilling injury in basil is characterized by brown discoloration of the interveinal areas of the leaf, stem browning and collapse, loss of glossy appearance, wilting of the leaves and loss of characteristic aroma (Lange and Cameron, 1994; Aharoni et al., 2010). In this study, ‘Genovese’ and ‘Lemon’ basil leaves incurred chilling injury when stored at temperatures below 15°C, with browning symptoms increasing according to the duration of storage. Severe chilling damage, manifested by leaf darkening, was observed at 5°C and this is accompanied by an increase in electrolyte leakage. Progressive loss of membrane integrity and eventual leakage of ions and solutes are among the many physiological disruptions following chilling stress, the manifestations in leaves of which include browning and discoloration. Chilling damage in basil has previously been shown to correlate well with electrolyte leakage (Wongsheree et al., 2009; Cozzolino et al., 2016) and our results also support this finding.

The relative susceptibility of basil to chilling temperatures limits safe transport and storage with other culinary herbs. Since basil is usually transported in packages, atmosphere modification can be easily applied to potentially combat chilling effects. Controlled and modified atmospheres have been found to alleviate chilling injury in a variety of fruits and vegetables (Wang, 1989; Thompson, 2018). In basil, a controlled atmosphere of 1.5% O2 + 5% CO2 did not prevent the occurrence of chilling injury (Lange and Cameron, 1998). Our previous experiment on ‘Genovese’ and ‘Thai’ basil using 5% and 10% CO2 mixed with 16% and 11% O2, respectively, showed promise in chilling injury alleviation (Rodeo and Mitcham, 2022). In the current study, 5% and 10% CO2 atmospheres alleviated browning symptoms in ‘Genovese’ basil for up to 3 days at 5°C compared to air (0.04% CO2) storage. Other than inhibiting ethylene action by acting as a competitive inhibitor (Kader et al., 1989), elevated CO2 levels were also found to inhibit the accumulation of reactive oxygen species (ROS), enhance the activities and expression of genes of antioxidant enzymes, and increased accumulation of known antioxidants such as ascorbic acid and glutathione (Liang et al., 2021; Wang et al., 2021). Generation of ROS is one of the key events in chilling injury and its overproduction can lead to progressive loss of membrane integrity due to lipid peroxidation (Sevillano et al., 2009; Heyes, 2018). The aforementioned effects of CO2 could have resulted in chilling injury amelioration until such time as the production of ROS exceeded the capacity of the scavenging process, at which time chilling injury symptoms developed.

However, elevated CO2 atmospheres were not effective in ameliorating chilling symptoms in ‘Lemon’ basil. Instead, 10% CO2 aggravated browning symptoms at 10°C after 6 days and at 15°C following 2 days of post-storage at 20°C. Wongsheree et al. (2009) found that ‘Lemon’ basil was more prone to leaf blackening than holy and sweet basil types. This was also confirmed in our previous experiments comparing five different commercial basil varieties and species, including ‘Lemon’ and ‘Genovese’, that indicated there is a differential chilling sensitivity among basil types (unpublished data). The current study revealed that ‘Lemon’ basil is also more sensitive to high CO2 atmospheres. The browning symptoms observed cannot be solely ascribed to the effect of chilling, but also to CO2 injury. The combination of the two stresses could be too much for a sensitive genotype such as ‘Lemon’, resulting in intensified symptoms. In ‘Napoletano’ basil, 10% CO2 likewise caused serious leaf browning even when stored at an otherwise safe temperature of 12°C (Amodio et al., 2005). Sweet basil stored at 20°C under atmospheres containing more than 10% CO2 was found to have a reduced shelf life due to brown spotting and CO2 injury (Lange and Cameron, 1998). The relative susceptibility of different basil types to elevated levels of CO2 that resulted in injury underscored the need for dynamic CA or MAP systems that will not only cater to changing environmental conditions and a commodity’s metabolic state, but also to species and cultivar differences (Saltveit, 2003).

Aside from leaf browning and discoloration, chilling injury is also accompanied by the loss of volatile organic compounds (Farneti et al., 2015; Wang et al., 2015). Major alterations in the contents of these compounds can result in a significant reduction in flavor quality, a characteristic that is most valued in culinary herbs such as basil (Zhang et al., 2016). Our present work revealed significant changes in the volatile profile of two chilling-sensitive basil genotypes, ‘Genovese’ and ‘Lemon’. Compared to 10 and 15°C, storage at 5°C resulted in lower concentration of a number of volatile compounds deemed important for basil flavor. Differentially expressed volatiles between 5°C and relatively higher chilling temperatures (10°C and 15°C) suggested that fold decreases in storage temperature can lead to greater reductions in volatile constituents. Cozzolino et al. (2016) identified 10 volatile compounds considered to be potential markers of chilling injury in three sweet basil cultivars (‘Italico a foglia larga’, ‘Cammeo’ and ‘Italiano classico’). Our results indicated 26 and 10 differentially accumulated volatiles (DAVs) in ‘Genovese’ and ‘Lemon’, respectively. These compounds were found to be downregulated in ‘Genovese’ and ‘Lemon’ stored at 5°C, with the exception of 6-methyl-5-hepten-2-ol, which was upregulated in ‘Lemon’ basil at 5°C. Since these volatiles were found to be greatly affected by chilling based on the variable importance in projection (VIP) and fold-changes, we can therefore consider them as potential volatile markers for chilling stress in ‘Genovese’ and ‘Lemon’ basil. It is interesting to note that 80% of DAVs in ‘Genovese’ and 50% of DAVs in ‘Lemon’ were sesquiterpenes which could suggest that the synthesis of this group of volatile compounds can be greatly affected by chilling. Sesquiterpenes (C15) are derived from isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP), produced by the cytosolic mevalonate (MVA) pathway. On the other hand, monoterpenes (C10) are derived from IPP and DMAPP, produced by the parallel methylerythritol (MEP) pathway situated in the plastids (Dudareva et al., 2004; Iijima et al., 2004a). Compartmentalization and synthesis location might have played a role in the relative differences between the response of these two groups of terpenoid compounds.

Studies on the ability of controlled atmospheres to modulate the impacts of chilling temperatures on volatile and flavor compounds of fresh basil are very limited, if not non-existent. Several factors can influence the fate of volatile compounds in the harvested plant; among these are storage methods and postharvest techniques employed (Figueiredo et al., 2008). In basil, controlled atmospheres (3% CO2 + 2% O2) did not alter volatile composition, but concentrations decreased with duration of storage at 12°C (Amodio et al., 2005). Storage at 4°C compared to 12°C resulted in lower concentrations of volatile compounds in three basil cultivars (Cozzolino et al., 2016). Our results agree with the above studies where volatile abundance generally decreased with time and lower storage temperatures. Storage at 5% CO2 was able to mitigate some volatile losses resulting from chilling, especially during the first 3 days of storage, which coincided with visible chilling symptom alleviation in ‘Genovese’ (Figures 2, 6). This was also evident in 10°C storage as shown by the upregulation of volatile abundance with 5% CO2 compared to air or 10% CO2 (Figure 5A).

While volatile changes in fruits post-harvest depend on maturity and ripening processes, this does not apply to basil and other herbs. Instead, storage conditions and leaf morphology could play critical roles in volatile compound dynamics. Most volatile compounds in basil are synthesized and stored in the glandular trichomes and released following environmental cues and mechanical damage (Holopainen and Gershenzon, 2010). Having these external secretory structures makes basil more vulnerable to evaporative volatile losses and transformations, especially during handling and storage (Combrinck et al., 2007; Figueiredo et al., 2008). In this study, multivariate analyses also revealed that temperature was the major driving force for basil volatile changes rather than atmosphere. Storage at 15°C in air resulted in a gradual loss of volatile compounds with time, capped with a further decline following transfer to 20°C. On the other hand, storage at lower temperatures led to a sudden reduction in volatile compounds. This pattern was generally true even for higher CO2 atmosphere storage. PCA and cluster analysis showed groupings mostly according to storage temperature. There was a very distinct separation between basil stored at 5°C and those that were held at relatively higher temperatures of 10 and 15°C in the 3 atmospheres (Figures 4, 5). This suggests that for a chilling-sensitive commodity such as basil, most of the volatile losses can be attributed to storage at temperatures significantly below the chilling threshold. Most studies on basil chilling injury denote the critical temperature as 12°C, below which chilling damage will be expressed (Lange and Cameron, 1994; Meir et al., 1997; Wongsheree et al., 2009; Aharoni et al., 2010; Cozzolino et al., 2016), be it visible (browning and wilting) or invisible (loss of volatiles and characteristic aroma). Holding basil closer to this threshold temperature is important for volatile compound preservation. Interestingly, controlled atmosphere storage at 10°C led to an increase in volatile aldehydes and their alcohol derivatives which are mostly products of the oxylipin pathway. In mango peel, chilling stress also increased the production of these volatiles and was suggested to be implicated in abiotic stress signaling (Sivankalyani et al., 2017). This might also be the case in basil. The elevated production of these volatiles at median temperatures could signal impending stress to enable activation of defense responses.

The characteristic aroma and flavor of ‘Genovese’ basil leaves can be attributed to the presence of key volatile compounds. Consistent with the findings of Chang et al. (2007), the major volatile compounds observed in ‘Genovese’ basil consisted of a 3:3:2 ratio of 1,8-cineole, linalool, and eugenol. A pure standard mixture of these volatiles that we made in a similar ratio recreated the major aroma notes of ‘Genovese’ basil, as perceived by a trained panel (unpublished data). Cineole (eucalyptol) has a camphoraceous aroma and a fresh, cooling taste, suggestive of mint. Linalool is responsible for the sweet floral aroma in basil, while eugenol has a strong clove-like odor and a spicy, pungent taste (Burdock and Fenaroli, 2010). Other compounds that have a significant impact on the aroma and flavor of ‘Genovese’ basil are α-pinene and β-pinene (earthy/pine/woody), β-myrcene (spicy/balsamic), and cis-β-ocimene (floral/woodsy). Green leaf volatiles such as cis-3-hexenal, cis-3-hexen-1-ol, and cis-3-hexenyl acetate provide basil with green, grassy, and fruity aroma, respectively. Since culinary herbs such as basil do not have a substantial amount of sugars and acids, loss of these volatile compounds leads to a significant amount of flavor loss (Zhang et al., 2016).

Storage at low temperature, especially at 5°C, accelerated the decrease in the levels of 1,8-cineole, linalool, eugenol, β-myrcene, cis-β-ocimene, α-pinene and β-pinene in ‘Genovese’. With the exception of eugenol, all the other volatile compounds mentioned are monoterpenes and therefore share the same biosynthetic pathway. Monoterpenes are derived from geranyl diphosphate (GDP), and produced from the condensation of IPP and DMAPP that are mainly formed in the plastid through the MEP pathway. GDP then undergoes several transformations by a large family of enzymes known as terpene synthases giving rise to different monoterpenes (Bohlmann et al., 1998; Dudareva et al., 2004). Eugenol, on the other hand, is derived from the amino acid, phenylalanine, through the phenylpropanoid pathway, and its biosynthesis proceeds via the reduction of a coniferyl alcohol ester by the eugenol synthase enzyme (Gang et al., 2001; Koeduka et al., 2006). The loss of these volatile compounds during subsequent low temperature storage is related to reduced expression levels of genes coding for important enzymes in the metabolic pathway. For instance, the expression of a linalool synthase gene coding for the enzyme responsible for the formation of linalool in a single-stage reaction from GDP was downregulated by chilling temperature in papaya fruit, resulting in impaired linalool production (Gomes et al., 2016). In tomato, significant reduction in volatile concentrations at 5°C was correlated with lower transcript abundance of genes coding for enzymes and products essential for volatile biosynthesis, leading to reduced flavor quality (Zhang et al., 2016).

In contrast, the concentrations of cis-3-hexen-1-ol and cis-3-hexenyl acetate were generally higher after 3 days at 5°C than at 15°C, while storage in 5% CO2 generally maintained the levels of cis-3-hexenal regardless of temperature. These green leaf volatiles are derived from the oxygenation of C18 unsaturated fatty acids through the action of lipoxygenase (LOX), hydroperoxide lyase (HPL), and alcohol dehydrogenase (ADH) enzymes via the oxylipin pathway (Schwab et al., 2008; Bai et al., 2011). The increase in these volatiles at low temperatures might be due to an increase in substrate concentration during chilling since C6 volatile aldehydes production is likely determined by substrate availability rather than HPL activity abundance (Vancanneyt et al., 2001). Moreover, the levels of C18 unsaturated fatty acids increased in basil leaves after 2 days of storage at 4°C (Wongsheree et al., 2009). Eventual conversion of cis-3-hexenal to cis-3-hexen-1-ol by ADH activity, and a decrease in ester levels could also explain the high levels of volatile alcohol particularly in leaves stored at 0.04% CO2 (Schwab et al., 2008; Farcuh and Hopfer, 2023).

Unlike in ‘Genovese’ basil, green leaf volatiles in ‘Lemon’ basil were affected by controlled atmosphere storage, aside from temperature and duration of storage. Higher CO2 atmospheres of 10% resulted in increased leaf browning in ‘Lemon’ basil, even at 10°C, and this highly impacted the levels of cis-3-hexenal, (E)-2-hexenal, and cis-3-hexen-1-ol which impart fresh green and grassy aromas to basil leaves. Lower concentrations of C6 volatile aldehydes and alcohol after 6 days of storage at 5°C might be due to downregulation of LOX and HPL gene expression, as has been previously observed in other fresh commodities (Bai et al., 2011; Zhang et al., 2011). Moreover, the increase in cis-3-hexen-1-ol after 2 days at 20°C following 6 days of chilling exposure was accompanied by a decrease in the concentration of cis-3-hexenal, which hinted to a possible recovery of function of ADH, enabling the conversion of said C6 aldehyde to its corresponding alcohol.

Linalool concentration in ‘Lemon’ basil was also reduced by lower temperature, and storage in 10% CO2, which enhanced leaf browning, also led to a significant loss in linalool content. Similarly, estragole, a volatile with anise-like flavor, was also significantly reduced in basil leaves after 6 days of storage at 5°C. Just like eugenol, estragole is derived from phenylalanine through the phenylpropanoid pathway and is synthesized by an additional transfer of a methyl group to chavicol by a specific o-methyltransferase (Lewinsohn et al., 2000; Gang et al., 2002). Aside from activity suppression of enzymes in the phenylpropanoid pathway, it is highly possible that o-methyltransferase activity was also downregulated resulting in a decrease in estragole levels since some methyltransferases have been found to be repressed by chilling in other crops, such as wheat (Onyemaobi et al., 2022).

β-Caryophyllene, one of the volatile compounds associated with the flavor of black pepper, gives ‘Lemon’ basil a spicy and woody note (Burdock and Fenaroli, 2010). The concentration of this volatile declined significantly following chilling exposure early in storage, when visible chilling symptoms were still limited. Thus, β-caryophyllene can be considered as an early diagnostic marker of chilling injury in ‘Lemon’ basil. As a sesquiterpene, this volatile is derived from farnesyl diphosphate (FDP), another condensation product of IPP and DMAPP, which are mainly produced in the cytosol via the mevalonate pathway. A caryophyllene synthase from the large terpene synthases family then generates caryophyllene from FDP, and is likely downregulated during chilling exposure (Bohlmann et al., 1998; Dudareva et al., 2004).

Chilling temperatures also led to a significant reduction in citral concentration in ‘Lemon’ basil. Citral, which exists in two geometric isomers, neral and geranial, is the most abundant volatile compound and is mainly responsible for the lemon-like aroma and flavor of ‘Lemon’ basil. In ‘Sweet Dani’, another basil cultivar known for its lemony flavor, more than 99% of the monoterpenes found are comprised of neral and geranial, along with the monoterpene alcohols nerol and geraniol (Iijima et al., 2004b). Nerol and geraniol have a characteristic sweet, rose-like odor and bitter flavor (Burdock and Fenaroli, 2010). Geranial is produced from the oxidation of geraniol by alcohol dehydrogenases, which then undergo non-enzymatic conversion via keto-enol tautomerization to neral. The reduction of neral by dehydrogenase enzymes will in turn produce nerol (Iijima et al., 2004b; Iijima et al., 2006). Storage of ‘Lemon’ basil leaves at 5°C could have resulted in reduced activity of geraniol synthase and alcohol dehydrogenases, resulting in lower concentrations of citral. It is noteworthy that the concentrations of nerol and geraniol increased after 2 days post-storage at 20°C following 6 days at 5°C, especially after storage in elevated CO2 atmospheres. Chilling injury may have triggered accumulation of said monoterpene alcohols through increased concentrations of reduced cofactors, such as NADPH, facilitating the reduction of neral and geranial to their corresponding alcohols (Iijima et al., 2006).




5 Conclusion

Chilling injury in basil can be manifested both by visible (browning and leaf discoloration) and invisible (loss of volatile compounds responsible for aroma and flavor) damage. Chilling damage is more severe when leaves are stored at temperatures far lower than the threshold temperature. Storage at 5°C resulted in more chilling injury than at 10°C or 15°C, but injury occurred in all three temperatures. Storage at 5°C also resulted in differential accumulation of 26 and 10 volatiles in ‘Genovese’ and ‘Lemon’ basil leaves, respectively. Out of these differentially expressed volatiles, cis-3-hexenal, eugenol, and germacrene D have significant potential as diagnostic markers for chilling stress in ‘Genovese’ based on their VIP values and relative importance to flavor perception. For ‘Lemon’ basil, cis-α-bisabolene, β-caryophyllene, and estragole have similar marker potential. Controlled atmosphere storage with 5% CO2 alleviated chilling injury by reducing visible symptoms and maintaining volatile concentrations in ‘Genovese’ basil for up to 3 days, but did not have a similar effect in ‘Lemon’ basil. Volatile changes were more influenced by storage temperature than the accompanying atmosphere. Our study demonstrated that the impact of low temperatures on volatile abundance can be modulated by moderate CO2 atmospheres (i.e., 5%), albeit for a short period. This modulation was also found to be cultivar- and species-dependent, as susceptibility to CO2 injury limits its potential application. Sensory evaluation based on descriptive analysis can be done to further evaluate this effect on basil flavor quality in relation to actual human perception.
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Low temperature stress significantly threatens crop productivity and economic sustainability. Plants counter this by deploying advanced molecular mechanisms to perceive and respond to cold stress. Transmembrane proteins initiate these responses, triggering a series of events involving secondary messengers such as calcium ions (Ca2+), reactive oxygen species (ROS), and inositol phosphates. Of these, calcium signaling is paramount, activating downstream phosphorylation cascades and the transcription of cold-responsive genes, including cold-regulated (COR) genes. This review focuses on how plants manage freeze-induced damage through dual strategies: cold tolerance and cold avoidance. Tolerance mechanisms involve acclimatization to decreasing temperatures, fostering gradual accumulation of cold resistance. In contrast, avoidance mechanisms rely on cryoprotectant molecules like potassium ions (K+), proline, glycerol, and antifreeze proteins (AFPs). Cryoprotectants modulate intracellular solute concentration, lower the freezing point, inhibit ice formation, and preserve plasma membrane fluidity. Additionally, these molecules demonstrate antioxidant activity, scavenging ROS, preventing protein denaturation, and subsequently mitigating cellular damage. By forming extensive hydrogen bonds with water molecules, cryoprotectants also limit intercellular water movement, minimizing extracellular ice crystal formation, and cell dehydration. The deployment of cryoprotectants is a key adaptive strategy that bolsters plant resilience to cold stress and promotes survival in freezing environments. However, the specific physiological and molecular mechanisms underlying these protective effects remain insufficiently understood. Therefore, this review underscores the need for further research to elucidate these mechanisms and assess their potential impact on crop productivity and sustainability, contributing to the progressive discourse in plant biology and environmental science.
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1 Introduction

Spring frost is a major environmental stress caused by low temperature combined with dewpoints below freezing points (≤ 0°C), posing substantial economic threat on plants. While the terms “frost damage” and “freeze damage” are commonly used interchangeably, there are slight distinctions between them. Freeze damage is attributed to temperature below freezing points, whereas frost damage is caused by dewpoints below freezing points irrespective of temperature being at or below freezing points (Perry, 1998). However, the damage mechanisms at organ level are comparable in both cases. Consequently, for the purpose of this review, the term “freeze damage” will be employed. At the organ level, the damage occurs when water within plant tissues freezes, forming extracellular ice crystals that result in cell dehydration. Freezing-induced cellular dehydration is the predominant cause of damage in which the cell membranes are disrupted when the dehydration exceeds cell dehydration-tolerance (Pearce, 2001). The severity of damage is determined by multiple factors including plants species, their genetic makeup, dewpoint, surface moisture, probability of an extracellular ice nucleation event, pre-frost environmental conditions, and developmental stage – with flowering being the most susceptible developmental stage (Centinari et al., 2016). Crops can be exposed to two types of frost: radiation and advective – with the former being more common (Liu and Sherif, 2019). Radiation frost is a meteorological phenomenon resulting from the release of thermal energy stored in the soil. This thermal energy is radiated back into the atmosphere during the nocturnal period, characterized by a stable atmosphere and a low wind regime, allowing the formation of a temperature inversion. This atmospheric condition, in conjunction with a reduced dewpoint temperature, leads to a sharp reduction in the air temperature, which falls below the freezing point of water. Advective frost, on the other hand, occurs when a massive system of cold air moves into an area from polar and arctic regions, typically accompanied by wind ≥ 8 km/h. The resultant wind-driven turbulent mixing and cold advection lead to a significant reduction in the air temperature, resulting in the formation of frost.

Crop losses resulting from frost damage represent a significant economic threat to the crop production industry, with frost-related yield reduction being ranked highest among all weather-related disasters in the United States (Centinari et al., 2016; Snyder and de Melo-Abreu, 2005). For example, the one-week Easter freeze in 2007 led to over 2 billion dollars in economic losses due to reduced production of wheat (Triticum aestivum) by 19%, peach (Prunus persica) by 75%, apple (Malus domestica) by 67%, and pecan (Carya illinoinensis) by 66% (Liu et al., 2018). Additionally, based on our observations, even a brief frost event persisting only for a few hours can cause substantial damage to various crops. A recent hard freeze event in 2022, lasting 2.5 hours in Virginia, U.S., resulted in an 80% rate of damage to the sweet cherry crop, 15 – 35% damage to apple floral buds, and 15% damage to peach crops (Sherif, 2023). Climate change, leading to increasing global temperatures, exacerbates this threat (Liu et al., 2018), causing alterations in plant phenology such as shortened dormancy and early budburst and flowering (Augspurger, 2013; Ma et al., 2019). Economic losses vary in severity, ranging from partial to complete loss of valuable crops, and can have detrimental impacts on crop quality. Frost-related losses are not limited to specific regions or species; rather, they are a global phenomenon. Notable incidents such as the Easter freeze of 2007 (Liu et al., 2018), the Mother’s Day Freeze (2010), the Killer Frost (2012), and the Polar Vortex (2014) have inflicted billions of dollars in damages on the agricultural industry across North America.

The critical temperature at which crop damage occurs depends on multiple factors, including species specificity, duration of the frost event, and developmental stage (Centinari et al., 2016). For instance, the lower temperature limit at which 90% of floral buds are damaged ranges from -17.6˚C to -3.0˚C for tree fruits like apples, -19.4˚C to -2.8˚C for grapes, -6.1˚C to -0.6˚C for small fruits like strawberries, and -2.8˚C to -0.8˚C for citrus (Snyder and de Melo-Abreu, 2005). Plants at the dormant stage are less susceptible to low temperatures compared to advanced developmental stages. For example, apple floral buds at the silver-tip stage, characterized by slight separation and a shimmery gray color, can tolerate temperatures as low as -17.6˚C. However, at the post-bloom stage, 90% flower mortality can occur at -3˚C. Furthermore, the duration and severity of a frost event have a significant impact on the extent of damage – the more severe and longer it persists, the more damage occurs. Our research, involving a series of experiments investigating frost mitigation strategies, showed that a deleterious frost event in 2023, persisting for 1.5 hours, resulted in approximately 87% damage to apple floral buds, while a 2-hour long frost event in 2021 caused around 65% bud mortality. However, a relatively longer frost event in 2022, lasting around 2.5 hours, resulted in approximately 15 – 35% damage to floral buds. Interestingly, although the duration of frost in 2022 was relatively longer, it coincided with the early developmental stage of the crops, resulting in comparatively lower damage to the crops (Sherif, 2023). These observations suggest that crops at an early developmental stage exhibit increased resilience to extended frost exposure.

Frost protection methods for plants can be categorized into passive and active methods. Passive methods are considered preventive measures applied before the occurrence of frost events (Liu and Sherif, 2019). These methods are more economically efficient compared to active ones and are intended to provide protection over an extended period. Examples of passive methods include site selection, enhancing plant tolerance to frost through the application of cryoprotectant compounds and growth regulators, and the selection of frost-tolerant varieties (cold-hardy and/or late-blooming varieties). On the other hand, active frost protection methods are those applied during or immediately before a frost event with the aim of preventing the temperature from dropping below the freezing point. These methods involve various techniques including heaters (i.e., solid fuel, propane), wind machines, helicopters, surface irrigation, and sprinklers (i.e., over- and under-tree sprinklers). These approaches are designed to actively counteract the effects of frost in real-time.

Specific weather conditions, including wind speed, humidity, and the severity and duration of a frost event, significantly influence the efficacy of both active and passive methods of frost mitigation (Unterberger et al., 2018). For example, wind machines are beneficial for countering radiation frost, but they fail to provide protection against advective frost. Moreover, active methods frequently carry considerable costs, such as those involved in the acquisition and upkeep of necessary equipment. Implementing heaters is one such method, which, while effective, necessitates energy consumption and regular maintenance expenses. Another example is the use of helicopters, the operation and fueling of which can be significantly costly. Certain practical constraints may also emerge, causing some methods to be unsuitable in particular agricultural contexts. An example is the implementation of surface irrigation or sprinkler systems, which might not be feasible in regions with scarce water resources. In addition to these considerations, the environmental impact of these methods, particularly in terms of their energy and water usage, should be evaluated to determine their sustainability. A comprehensive understanding of these limitations is indispensable for making informed decisions about frost protection strategies, as this allows for the consideration of the specific needs and restrictions unique to each agricultural system.

A relatively recent strategy to mitigate frost damage in plants involves the application of chemical compounds, specifically plant growth regulators (PGRs). Over the past half-century, researchers have extensively probed PGRs for their potential in bolstering plant frost tolerance and delaying blooming periods, thereby averting late-spring freezes. Ethephon (2-chloroethylphosphonic acid), for example, is an ethylene-based PGR compound that has shown promising results in delaying bloom and increasing cold hardiness in various fruit and nut trees (Liu and Sherif, 2019; Liu et al., 2021a). Our research involved conducting a set of experiments to investigate the impact of ethephon applications on bloom delay. Our findings revealed that applying ethephon in the fall resulted in a bloom delay of 5-6 days in peaches, varying based on application timing and concentration (Liu et al., 2021a). Such a delay could notably lower the risk of frost damage. Furthermore, our results indicated that ethephon could enhance the cold hardiness of dormant buds, thereby promoting their survival through winter. However, ethephon application does have its drawbacks. For instance, it has been associated with adverse effects like gummosis, terminal dieback, and yield reduction (Liu et al., 2021a). Another frost damage mitigation approach involves applying exogenous cryoprotectant compounds. Yet, the specific physiological and molecular mechanisms that enable these compounds to offer frost protection remain relatively unclear. In this article, we present an in-depth overview of the physiological and molecular mechanisms associated with cryoprotectant compounds. However, gaining a robust understanding of these mechanisms requires a comprehensive grasp of plant cold-sensing mechanisms, natural plant defenses against freezing, and the damaging effects of freezing on plant tissues. Therefore, we also provide a detailed examination of these defense mechanisms and the impact of freezing on plants.




2 Cold sensing mechanisms

Plants have evolved intricate mechanisms to identify and respond to abiotic stresses such as cold stress. They perceive shifts in their physical and chemical surroundings like water availability, ion concentration, and temperature, and translate these changes into a biological signal via primary sensory mechanisms (Lamers et al., 2020). Each sensor is typically designed to detect a specific feature of the stress, potentially playing a role in a unique branch of the stress signaling pathway. In this context, the cold-signaling pathway is our focal point for this article. Plants deploy sophisticated multilevel processes in response to a decrease in temperature (Örvar et al., 2000). At the cellular level, cold stress signals are perceived via a variety of receptors that include plasma membrane (PM) rigidification, PM-bound G-protein-associated receptors, and other cold sensors such as Ca2+ influx channels, two-component histidine kinases, and changes in protein and nucleic acid conformations or metabolite concentrations (Figure 1) (Kazemi-Shahandashti and Maali-Amiri, 2018). These signals give rise to secondary messengers like Ca2+, ROS, and inositol phosphates. These messengers subsequently adjust the intracellular Ca2+ level. Changes in the cytosolic Ca2+ level are detected by calcium-binding proteins, also known as Ca2+ sensors. These sensors engage with their target proteins to relay the calcium signal within the cell. These proteins coordinate the transfer of the cold stress signal, trigger protein phosphorylation cascades, and manage the expression of transcription factors and cold-regulated (COR) genes in plants (Figure 1, Table 1) (Drerup et al., 2013; Zhang et al., 2014; Ma et al., 2015; Zhu, 2016; Guo et al., 2018).




Figure 1 | A schematic diagram illustrating an overview of the cold perception and the Ca2+ mediated cold responsive signal transduction and response pathways in plant. Plasma membrane receptors and membrane rigidification sense the cold stress and initiate a series of downstream reactions. This cascade activates calcium channels/G-proteins, a two-component histidine kinase, and increases Ca2+ influx in the cytoplasm, subsequently stimulating Ca2+-related proteins such as CaM, CDPK, CBL, CCaMK, CML, CIPK, CaMTA, and the MAPK signaling pathway. ICE1 interaction with the signaling cascade instigates the ICE-CBF-COR transcriptome machinery’s response. Proteins responsible for the synthesis of cryoprotectants, PKs, phytohormones, and protective proteins like DHNs, AFPs, HSPs, and CSPs, all crucial in cold adaptation, are encoded by the COR genes. For freeze protection in cold-acclimated plants, the process involves IBP induction, secretion of AFPs into the extracellular space, and attachment to ice crystals to inhibit their growth and to prevent freezing linked with bacterial ice nucleation. In non-acclimated plants lacking IBP, large damaging ice crystals form that can rupture the plasma membrane due to cellular dehydration caused by an osmotic gradient that sequesters intracellular water. An increase in Ca2+ level due to cold stress also activates RBOHs to produce more ROS and prompts NO synthesis necessary for cold adaptation response. The crosstalk between ROS and Ca2+ controls the expression of defense related genes in nucleus. ROS, reactive oxygen species; NO, nitric oxide; RBOH, respiratory burst oxidase homologues; CaM, calmodulin; CDPKs, Ca2+ dependent protein kinases; CBLs, calcineurin B-like proteins; CCaMK, Ca2+/calmodulin-dependent protein kinase; CML, CaM like; CIPK, CBL-interacting protein kinases; CaMTA, CaM-binding transcription activator; MAPK, mitogen-activated protein kinase; CBFs, C-repeat binding factors; ICE, inducer of CBF expression; COR, cold-responsive; AFP, anti-freeze proteins; IBP, ice-binding proteins; DHN, dehydrin, HSP, heat shock proteins; CSP, cold shock protein; LEA, late embryogenesis abundant protein; TFs, transcription factors.




Table 1 | A comprehensive list of cold acclimatization genes, transcription factors, and proteins, along with the species of identification, their mode of action, and references, is provided.



Plant cold signaling perception and transduction have been extensively studied in recent years, leading to significant advances in our understanding of this complex process (Zhang et al., 2017; Zhao et al., 2017; Ding et al., 2018; Guo et al., 2018). Plants perceive the environmental stimuli and transduce the signal into downstream biological responses by decreasing membrane fluidity, which in turn affects membrane-associated cellular functions (Hou et al., 2014). Different microdomains with specific lipid compositions, including sphingolipids in the plasma membrane, have been identified for their crucial roles in sensing particular temperature ranges (Fabri et al., 2020). Additionally, multiple cold sensors associated with sending temperature changes and cold signaling, such as putative calcium channels, PM-bound G-protein-associated receptors, and plasma membrane-localized receptor-like kinases (RLKs), have been identified in plants (Figure 1). Calcium ions enter the cell primarily through transmembrane proteins complex, known as calcium channels, which are crucial sensors for abiotic stress (Görlach et al., 2015). The rigidification of the membrane due to cold stress activates mechanosensitive or ligand-activated calcium channels, leading to a transient Ca2+ influx into the cytosol (Wei et al., 2021).

After perceiving cold stress, plants initiate a series of intricate signal transduction events within the cytosol and nucleus. These events rely on secondary messengers like Ca2+, ROS, and nitric oxide (NO) to facilitate intracellular signaling and cell-to-cell communication (Marcec et al., 2019). Cold stress-induced Ca2+ signatures are deciphered through various pathways involving specific groups of Ca2+ sensors such as CaM (calmodulin) and CMLs (CaM-like), CDPKs (Ca2+-dependent protein kinases), CCaMK (Ca2+-and Ca2+/CaM-dependent protein kinase), CAMTA (CaM-binding transcription activator), CBLs (calcineurin B-like proteins) and CIPKs (CBL-interacting protein kinases) (Kudla et al., 2018). The Calcium/CaM-Regulated Receptor-Like Kinase 1, CRLK1, actively modulates MAPK kinase activity and exerts regulatory control over C-repeat Binding Factors (CBFs) regulons, as well as freezing tolerance (Yang et al., 2010). Subsequent downstream reactions in plants are triggered by cold stress encompass the ICE-CBF/DREB1 pathway, the intricate regulation of cold-responsive genes (Miura and Furumoto, 2013), and post-transcriptional and post-translational modifications (Vyse et al., 2020).

In addition to the plasma membrane, chloroplasts may also serve as important sensors for ambient temperature. When temperatures drop, the equilibrium between the ability to capture light energy and the ability to disperse this energy through metabolic processes is disturbed. This disruption results in enhanced excitation pressure on photosystem II (PSII) and subsequently hinders the photosynthetic capacity by inhibiting it (Ivanov et al., 2012). This phenomenon, known as photoinhibition, results in redox imbalances in photosynthetic electron transport and photosynthetic carbon reduction cycles. Eventually, the photosynthetic apparatus is destroyed, and ROS are generated, serving as a secondary messenger (Bhattacharjee, 2019). Disruption of the photosynthesis process under cold-stress conditions significantly reduces crop yield through various mechanisms. The maximum attainable yield, which represents the optimal conversion of captured light energy into biomass, known as photosynthetic efficiency, is compromised under cold stress (Simkin et al., 2019). This reduction in photosynthetic efficiency is primarily attributed to the impairment of key enzymes involved in the carbon fixation cycle, namely fructose-1,6-bisphosphatase (FBPase) and sedoheptulose-1,7-bisphosphatase (SBPase) (Sassenrath et al.,1990; Kingston-Smith et al., 1997; Hutchison et al., 2000). The decreased activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), the primary enzyme involved in carbon fixation, and the reduction in bisphosphate (RuBP) levels are processes observed at low temperatures. Multiple causes contribute to the diminished RuBP regeneration, such as limitations in linear electron transport, chronic photoinactivation, deactivation of stromal bisphosphatases, and end-product limitation. In the case of end-product limitation, the limited synthesis of sucrose, starch, and amino acids leads to the accumulation of phosphorylated intermediates, depletion of the inorganic phosphate pool, and inhibition of ATP synthesis (Leegood and Furbank, 1986; Sharkey et al., 1986; Lemoine et al., 2013). Furthermore, imbalances in the source-sink relationship, where the plant’s source activity surpasses the sink demand, result in decreased mRNA levels, degradation of photosynthetic proteins, and ultimately reduced productivity (Adams et al., 2013; Kurepin et al., 2015). These combined effects contribute to lower crop yields under cold stress conditions.




3 Freeze-induced damage in plants: mechanisms and consequences

At freezing temperatures, the aggregation of water molecules within plant cells leads to the formation of stable ice nuclei, which is a critical step in initiating the freezing process. Ice nucleation occurs when these small ice nuclei form a group of membrane proteins known as ice-nucleating proteins (INPs), which act as nucleation sites. These sites promote the formation of extracellular ice crystals by facilitating the proper arrangement of water molecules. In the absence of ice-binding proteins (IBPs), large ice crystals form in the apoplast, which can physically damage plasma membranes. The formation of ice crystals and the subsequent sequestration of intracellular water create an osmotic gradient, leading to cellular dehydration. This loss of cell volume can result in cell collapse or rupture (Pearce, 2001; Larcher, 2003; Snyder and de Melo-Abreu 2005; Zhang et al., 2019). Freeze damage also occurs due to alterations in membrane fluidity caused by the transition of lipid components from liquid into a gel state. This transition reduces membrane selectivity, increases permeability, destabilizes metabolic activities, and inhibits photosynthesis (Larcher, 2003; Zhang et al., 2019).

The magnitude of damage depends on the intensity and duration of freezing conditions and the developmental stage of the plant (Larcher, 2003; Centinari et al., 2016). In some cases, plants can delay the formation of extracellular ice crystals through a process called supercooling, where water in plant tissues remain in a liquid state below the freezing point of water. Supercooling in plants is a sophisticated process, involving various mechanisms working synergistically. It prevents the transition of intercellular water from a liquid to a solid state, effectively suppressing water nucleation and thereby avoiding ice crystallization (Wisniewski et al., 2004; Londo and Kovaleski, 2019). Supercooling is a common phenomenon in woody plants, manifesting in both leaves and the living cells of the xylem, including the xylem ray parenchyma cells. This phenomenon readily takes place in small volumes of water, where the free energy of water is influenced by surface properties, especially in the absence of nucleation particles or agents responsible for initiating ice-crystal formation. This process allows cells to maintain their function, albeit at a relatively reduced rate, and become more tolerant to freeze damage (Cavender-Bares, 2005). However, even in supercooled parts of the plant, progressive dehydration can still occur, indicating that the avoidance of freezing-induced dehydration through deep supercooling is only partial (Pearce, 2001; Larcher, 2003).

Another equally important factor that influences the extent of damage caused by dehydration is the ratio of bound water to free water within plant cells. As freezing-induced dehydration progresses, it can disrupt cell structures associated with the bound water compartment, which is involved in the structural organization of membranes, organelles, and proteins. This disruption can result in irreversible injury to the cells (Elliott et al., 2017). Negative osmotic pressure induces a net movement of water towards the extracellular space, reducing cell volume. In non-acclimated cells, this reduction in cell volume leads to invagination of the plasma membrane and formation of endocytic vesicles, resulting in loss of surface area of the plasma membrane. Upon rewarming, melted water from the extracellular space re-enters the cell, causing the cell to burst before it can regain its original volume (Ambroise et al., 2020).

The antioxidant system in plants also scavenges the excessive amount of ROS, including superoxide (O2•−), hydroxyl radicals (OH•), hydrogen peroxide (H2O2) and singlet oxygen (1O2) in response to cold stress. The antioxidant compounds play a critical role in maintaining redox homeostasis during cold stress, as optimal levels of ROS are necessary for normal progression of fundamental biological processes including cellular proliferation and differentiation (Tsukagoshi et al., 2010; Mittler, 2017). Under normal conditions, excessive ROS is neutralized through various enzymatic and non-enzymatic antioxidative defense mechanisms. However, when plants are exposed to cold stress, the equilibrium between ROS production and scavenging is disrupted, leading to mitochondrial membrane rigidification (Saha et al., 2015), loss of complex IV (Prasad et al., 1994), DNA damage, and impaired regulation of physiological cell death (Xie et al., 2014; Berni et al., 2019). These disruptive events can cause severe damage to plant cells and their functions, which may affect their survival and reproduction.




4 Plant defense mechanisms against freezing: insights and perspectives

Plants possess avoidance and tolerance strategies to mitigate the detrimental effects of freezing temperatures and prevent damage to their cellular structures (Larcher, 2003; Hoermiller et al., 2018). Avoidance mechanisms rely on a variety of cryoprotectant molecules to reduce the intracellular freezing temperature through a plant-specific process called supercooling (Francko et al., 2011). These molecules help maintain the intracellular liquids at sub-zero temperatures supercooled and delay or inhibit the formation of extracellular ice crystals (Larcher, 2003; Wisniewski et al., 2018). Certain plant species have developed sophisticated mechanisms to mitigate freezing damage by utilizing IBPs as a part of their survival strategy. IBPs, also known as antifreeze proteins (AFPs) or ice recrystallization inhibition (IRI) proteins, are a group of low temperature-associated proteins found in various cold-adapted organisms, including plants such as Lolium perenne, Loliurn perenne and Ammopiptanthus nanus (Yu et al., 2021), animals, and microorganisms. Plant IBPs possess unique structural features and functional properties that enable them to interact with ice crystals, thereby impeding their growth and inhibiting the movement of water molecules from the intracellular to extracellular space. This binding ability helps prevent cell dehydration and maintains cellular integrity during freezing conditions. Additionally, IBPs exhibit the ability to suppress ice recrystallization, a process that can lead to tissue damage and disrupt plasma membranes. By effectively limiting ice crystal growth and inhibiting ice recrystallization, IBPs play a crucial role in safeguarding plant tissues against freezing temperatures (Bredow and Walker, 2017; Wisniewski et al., 2020). Numerous AFPs have been identified in various plant species, highlighting the diversity of these ice-binding proteins. For example, fpAFP has been discovered in Festuca pratensis (Muthukumaran et al., 2011), LpAFP and LpIRI2/3 in Lolium perenne (Bredow et al., 2017), BdIRI1-7 in Brachypodium distachyon (Bredow et al., 2016), daAFP in Daucus carota (Cid et al., 2018) and rsAFP in Raphanus sativus (Wisniewski et al., 2020). These specific IBPs exemplify the adaptations of plants to withstand freezing stress and highlight the intricate molecular strategies employed by these organisms to protect themselves from the detrimental effects of low temperatures.

Cold tolerance mechanisms involve acquiring tolerance to low, non-freezing temperatures through a process known as cold acclimation. It is a complex physiological process where plants gradually adapt to decreasing temperatures, resulting in enhanced hardiness and adaptive responses that enable them to withstand freezing conditions. Cold acclimation encompasses coordinated molecular, physiological, and biochemical changes that enhance plant tolerance to cold stress, crucial for survival under low temperature conditions. These adaptations include diverse morphological modifications such as reduced plant height, decreased leaf number, and increased epidermal thickness. Biochemical alterations involve the accumulation of sugars, amino acids, and secondary metabolites. Physiological adjustments encompass decreased photosynthesis, reduced water use efficiency, and altered pigment synthesis. Collectively, these mechanisms enhance a plant’s ability to thrive in cold environments (Fürtauer et al., 2019; Wang et al., 2020; Fang et al., 2021; Guo et al., 2021; Liu et al., 2021b; Satyakam et al., 2022). The regulation of gene expression during cold stress response is a complex network triggered by multiple factors including Ca2+ and plant hormones, particularly brassinosteroids (BRs), gibberellins, abscisic acid, jasmonic acid, and ethylene (Arias et al., 2015; Eremina et al., 2016; Hu et al., 2017; Li et al., 2017:1; Juurakko et al., 2021; Mishra et al., 2022; Sarkar and Sadhukhan, 2022). Additionally, plants synthesize secondary metabolites in response to cold stress, such as proline, betaine, and putrescine. These osmolytes act as protective compounds, helping to mitigate the effects of cold stress on plant cells (Lee et al., 2019). Plants also accumulate low-molecular-weight compatible solutes or osmolyte cryoprotectants, such as sucrose, glucose, raffinose, fructose and trehalose. These molecules assist in maintaining cellular osmotic balance and protect cellular structures from cold-induced damage (Karabudak et al., 2014; Lunn et al., 2014; Judy and Kishore, 2016; Roychoudhury and Banerjee, 2016; Suo et al., 2017; Siddique et al., 2018; Liu et al., 2019; Chen et al., 2022). In addition, plants respond to cold stress by increasing the accumulation of suberin and lignin, which contribute to the reinforcement of cell walls and the protection of plant tissues against freezing injury. These modifications are essential for reducing the adverse effects of cold stress on plant growth and development (Trache et al., 2017; Jian et al., 2020; Sun et al., 2021).

The process of cold acclimation in plants also involves plasma membrane rigidification and rearrangement of the cytoskeleton (Knight and Knight, 2012; Ambroise et al., 2020; Satyakam et al., 2022). These alterations trigger increased metabolic activities, initiating signaling pathways that regulate the expression of COR genes (Iqbal et al., 2022; Satyakam et al., 2022). The induction of COR genes is mediated by transcriptional activators known as C-repeat Binding Factors (CBFs), which are controlled by the regulatory module involving the Inducer of CBF Expression (ICE). This regulatory module, referred to as ICE-CBF-COR, represents a central pathway responsible for initiating the cold response in plants (Chinnusamy et al., 2003; Jin et al., 2018). Upon activation, COR genes regulate the synthesis of various protective molecules, including compatible solutes such as soluble sugars and proline, pigments like xanthophylls and carotenoids, amino acids, and cold-responsive proteins such as AFPs, late embryogenesis abundant (LEA) proteins, heat shock proteins (HSPs), cold shock proteins (CSPs), as well as antioxidants and stabilizing proteins like chaperones and dehydrins (DHNs) (Rinehart et al., 2007; Latowski et al., 2011; Yu et al., 2017; Meena et al., 2019; Ambroise et al., 2020). The synthesis and accumulation of these molecules collectively contribute to the development of cold tolerance in plants.




5 Cryoprotectants: mechanisms of action and insights in frost mitigation

Over the past two decades, agrochemical companies have developed multiple cryoprotectants (such as KDL, Glacier, diKap, Anti-Stress 550, ThermoMax, FrostGard, etc.) for frost protection – a comprehensive list of the artificial cryoprotectants has recently been summarized in a review by (Román‐Figueroa et al., 2021). These compounds, when externally applied to plants, enhance plant’s freezing avoidance ability through various methods. They create a physical barrier around plant tissues, increase the concentration of endogenous cryoprotectants like metabolites and proteins, and boost the intercellular solute concentration. This elevated solute concentration leads to a depression in freezing point, preventing the formation of extracellular ice crystals and reducing cell dehydration-induced damage caused by apoplastic freezing. It has also been suggested that solute accumulation stabilizes cell membranes and macromolecules, either through direct interaction with the membrane surface or through strong interplay with the surrounding water. The precise mechanism by which these molecules prevent ice crystal formation and cell dehydration is intricate and varies depending on the specific type of cryoprotectant. In this summary, we outline some general mechanisms through which cryoprotectants alleviate freezing damage to plant tissues.



5.1 Physical barrier: plant tissue protection using cellulose nanocrystals

Cellulose nanocrystals (CNCs) are nanoscale biomaterials with unique structural characteristics and impressive physicochemical properties. These properties include biocompatibility, biodegradability, renewability, low density, versatile surface chemistry, optical transparency, and enhanced mechanical properties (Trache et al., 2017). CNCs serve as the foundational polymeric motifs of macroscopic cellulosic fibers produced through the acid hydrolysis of cellulose materials. CNCs exhibit a needle-like or rod-like shape and have dimensions on the nanometer scale, typically ranging from a few to several hundred nanometers in length and a few nanometers in width. These materials can be obtained from various sources such as higher plants, marine animals (such as tunicates), and, to a lesser extent, algae, fungi, bacteria, invertebrates, and even amoeba like Dictyostelium discoideum (Habibi et a., 2010; Grishkewich et al., 2017). Due to their exceptional attributes, CNCs find applications in diverse fields, including automotive, medicine, construction, marine, aerospace, barrier materials, flexible displays, antimicrobial coatings, biomedical implants, transparent films, pharmaceuticals, drug delivery, electronic component templates, fibers and textiles, separation membranes, supercapacitors, batteries, and electroactive polymers (Trache et al., 2017).

Recently, researchers have explored the use of CNCs as a cryoprotectant for grape and sweet cherry reproductive buds (Alhamid et al., 2018). The application of sprayable CNCs forms a thermal insulation coating around the buds and flowers, resulting in enhanced cold hardness and effective mitigation of frost damage. The protective properties of CNCs can be attributed to their low thermal conductivity (0.061 W m-1 K-1), which surpasses that of other commonly used frost protection materials. In this study, CNC treatment significantly reduced the damage temperature of grape and sweet cherry buds and improved their resistance to frost damage by 2 – 4°C. Moreover, the application of CNCs delayed the formation of ice nucleation in the buds when exposed to freezing temperatures. The freezing temperature at which ice nucleation occurred was lowered by approximately 3°C in CNC-treated buds compared to untreated buds (Alhamid and Mo 2021). These findings highlight the extensive potential of CNCs as cryoprotectants in enhancing plants’ protective mechanisms and their capacity for freeze protection.




5.2 Reducing freezing point

Certain cryoprotectants exhibit cryohydricity, which refers to their ability to depress the freezing point of water. This phenomenon enables plants to endure lower temperatures by modifying the colligative properties of water, including osmotic potential and increased intracellular solute concentration. Solute compounds, such as sugars, salts, and other dissolved substances, disrupt ice crystal formation and impede the progress of freezing. As a result, the freezing temperature of water within plant tissues is reduced below the standard freezing point of pure water (0°C), known as freezing point depression (Ginot et al., 2020) (Figure 2). The extent of this depression depends on the concentration and nature of the solutes involved, with higher solute concentrations yielding greater reductions in freezing point. This reduced freezing point enables plant cells to remain in a liquid state even at sub-zero temperatures, thus preventing or delaying ice crystal formation. At the cellular level, cryoprotectants modify water properties through hydrogen bonding interactions between water and cryoprotectant molecules. This hydrogen bonding plays a crucial role in hindering the movement of intracellular water into the extracellular space, effectively reducing ice crystal formation and minimizing cellular damage (Weng et al., 2011; Elliott et al., 2017) (Figure 2).




Figure 2 | A comprehensive schematic summary of cryoprotectants mechanism of action and cold stress modulation in plants. Cryoprotectants regulate osmolytes such as proline, glycol, glycerol and ANE. The increased accumulation of these osmolytes triggers the induction of cold regulating (COR) genes through the activation of transcriptional activators called C-repeat Binding Factors (CBFs), which are involved in reducing cell dehydration, regulating membrane proteins and synthesizing antifreeze proteins (AFPs). Sugar molecules also participate in this regulation by reducing cell dehydration and modulating membrane proteins, including antifreeze proteins (AFPs). AFPs are secreted into extracellular spaces, attaching to ice crystals to prevent ice aggregation, resulting in suppressing recrystallization and reducing cell dehydration. Additionally, cryoprotectants trigger K+ interacting with Ca2+ that plays an important role in the hydrodynamic stomatal closure mechanism, leading to reduced cell dehydration. Furthermore, cryoprotectants establish hydrogen bonds with intracellular water molecules, restricting their movement into extracellular spaces and inhibiting its conversion into ice crystals. This hydrogen bonding lowers the freezing point of water. In addition, certain cryoprotectants scavenge ROS either through their antioxidant properties or through its osmoregulatory properties that contributes to maintaining cellular osmotic balance and integrity by regulating water movement across the membrane, resulting in enhanced plasma membrane stability. Collectively, these mechanisms prevent the formation of ice-nucleation sites on the membrane surface, which is a critical step in the initiation of extracellular ice crystal formation and subsequent freezing stress. Arrows indicate positive regulation while dashed line with a perpendicular line at the end indicates negative regulation. ROS, reactive oxygen species; CBF, C-repeat Binding Factors, COR, cold-responsive, AFP, antifreeze proteins, ANE, Ascophyllum nodosum (Seaweed) extract.



An example of an exogenous cryoprotectant capable of lowering the freezing point of plant tissues is FreezePruf, a commercially available product. FreezePruf is formulated using polyethylene glycol, potassium silicate, glycerol, silicone polyether surfactant, and a bicyclic oxazolidine anti-desiccant. These constituent molecules act as solutes or osmolytes, and their application increases solute concentration in the intracellular cytoplasmic compartments, leading to a reduction in the freezing point of these cellular regions. Francko et al. (2011) conducted a study to evaluate the effectiveness of FreezePruf on various monocot herbaceous and dicot fruit crops. Their experimental results demonstrated that the treatment with FreezePruf significantly decreased freezing-induced injury and lowered the mortality temperature by approximately 7 degrees when applied to foliage and about 1 degree when applied to open flowers. This reduction in freezing temperature is primarily attributed to the active ingredients present in FreezePruf, which act colligatively via freezing point depression as solutes. Moreover, these ingredients exert non-colligative effects by stabilizing cell membranes, thereby providing protection against freeze damage caused by ice crystal formation (Francko et al., 2011).




5.3 Stabilizing cellular structures

Plasma membranes are highly vulnerable to damage caused by freezing. This damage arises from several factors, including increased levels of ROS, the transition of the lipid bilayer from a fluid state to a solid-gel state, cell dehydration, and the formation of extracellular ice crystals. Collectively, these factors compromise the integrity, fluidity, and functionality of the membrane, leading to cellular damage and impaired plant survival under freeze stress. The temperature-dependent phase transition of the lipid bilayer plays a critical role in freeze-induced membrane damage. This transition reduces water diffusion across the membrane (Eze, 1991) and disrupts lipid-protein interactions, impacting membrane integrity and function (Iivonen et al., 2004). The composition of lipids, specifically the number of carbon atoms and double bonds in the lipid tail, influences the phase transition temperature. Lipids with higher unsaturation, characterized by an increased number of double bonds, exhibit a lower phase transition temperature, thereby reducing the occurrence of phase transition, leading to reduced freeze-induced membrane damage (Ambroise et al., 2020).

Cryoprotectants have been demonstrated to stabilize cellular structures and plasma membranes through various mechanisms. These mechanisms include modulating the membrane lipid phase transition, preventing protein denaturation, interacting with membrane proteins to stabilize their conformation and function, inducing membrane repair mechanisms, enhancing membrane flexibility, reducing mechanical stress, and acting as osmoregulators (Fürtauer et al., 2019). Furthermore, the osmoregulatory properties of these compounds contribute to maintaining cellular osmotic balance and integrity by regulating water movement across the membrane, resulting in enhanced plasma membrane stability (Sami et al., 2016; Arakawa et al., 2018; Fürtauer et al., 2019).

Certain commercially available cryoprotectants, such as KDL, FrostGard, and Superkelp/Vitazyme, utilize Ascophyllum nodosum (Seaweed) extract (ANE) as an active ingredient. ANE has been reported to alleviate low-temperature stress in plants by mitigating freezing-induced electrolyte leakage through the preservation of membrane integrity (Figure 2). Notably, ANE application on winter barley has been found to enhance winter hardiness and augment cold resistance (Shukla et al., 2019). Additionally, treatment with the lipophilic fraction (LPC) of ANE in Arabidopsis plants improved cold tolerance, as evidenced by the suppression of chlorosis and recovery from freezing-induced tissue damage (Rayirath et al., 2009).

Furthermore, a comprehensive analysis of the transcriptome and metabolome of LPC-treated Arabidopsis plants revealed that ANE treatment induces the expression of cold-responsive genes, including COR15A, RD29A, and CBF (Rayirath et al., 2009), as well as genes associated with sugar accumulation and lipid metabolism (Nair et al., 2012). Metabolite profiling of LPC-treated plants showed that the observed protection against freezing stress is mediated by the regulation of soluble sugars, sugar alcohols, organic acids, and lipophilic components such as fatty acids (Nair et al., 2012). The accumulation of sugars plays a crucial role in mitigating freezing stress by stabilizing various biological components, such as cellular membranes and membrane-bound organelles (Tarkowski and Van den Ende 2015). Interestingly, ANE treatment did not improve freezing tolerance in the sfr4 (sensitive to freezing) mutant of Arabidopsis, which is defective in the accumulation of free sugars, suggesting that ANE-induced accumulation of soluble sugars prior to freezing stress exposure is critical for its protective effects (Nair et al., 2012).

At the molecular level, ANE-mediated cold tolerance in plants is attributed to the regulation of key transcription factors and genes encoding cryoprotective proteins. For instance, ANE-treated Arabidopsis plants showed increased cold tolerance due to the downregulation of chlorophyll degradation genes, including AtCLH1 and AtCLH2, resulting in an increased chlorophyll content. ANE-mediated cryoprotectants also upregulated genes responsible for proline biosynthesis, such as 5CS1 and P5CS2, while downregulating ProDH, a gene involved in proline degradation. Moreover, ANE treatment upregulated genes responsible for polysaccharide degradation (9SEX1 and SEX4) and carbohydrate biosynthesis (GOLS2 and GOLS3), while downregulating genes involved in sucrose degradation. ANE treatment also induced key genes involved in freezing tolerance, including galactinol synthase 2, pyrroline 5-carboxylate synthase, and acetyl-CoA carboxylase (Zamani-Babgohari et al., 2019; Ali et al., 2021). These findings provide compelling evidence supporting the role of ANE-based cryoprotectants in enhancing cellular stabilization in plants through molecular, biochemical, and physiological mechanisms.

Another class of cryoprotectants, such as Superkelp/Vitazyme, confer cold protection in plants by increasing the levels of endogenous proline. Proline is naturally accumulated compound in plants in response to cold stress as it is water-soluble and electrically neutral at neutral pH, which helps maintaining cell osmotic potential and protecting against cold damage (Verbruggen and Hermans, 2008). The application of exogenous cryoprotectants containing proline significantly elevates the endogenous proline levels and enhances cold tolerance. Studies have shown that proline-mediated cryoprotectant treatments in rapeseed shoots increase cold tolerance and reduce electrolyte leakage, which is an indicator of membrane injury (Jonytiene et al., 2012). Additionally, proline-treated Brassica juncea has been shown to protect isolated thylakoid membranes from photoinhibition (Bhandari and Nayyar, 2014) and improve the maintenance of chloroplast ultrastructure and membrane integrity in tobacco plants (Van Rensburg et al., 1993). Moreover, proline-stimulating cryoprotectants exert their protective effects by interacting with plasma membrane-bound proteins and enzymes. These compounds act as hydrotropes to stabilize enzymes and biomembranes, owing to the ability of proline to form hydrophilic colloids with water and a hydrophobic backbone for protein interactions. This helps maintain the structure and conformation of proteins necessary for their functional integrity. Additionally, proline functions as a chaperone to prevent membrane proteins from denaturation (Rajendrakumar et al., 1994; Zhang et al., 2011).




5.4 Cryoprotectant interactions with ice crystals: inhibiting nucleation and their growth

Certain cryoprotectants possess the ability to inhibit the formation of ice nuclei, which serve as the initial points for ice crystal growth. These cryoprotectants also prevent the fusion of smaller ice crystals into larger ones, which could otherwise lead to cellular damage. For example, cryoprotectants containing antifreeze proteins (AFPs) have been shown to bind to the surface of ice crystals and inhibit their growth, thus preventing the formation of large ice crystals in the extracellular space (Figure 2). These molecules can also inhibit ice recrystallization, a phenomenon that can occur during repeated freeze-thaw cycles or prolonged exposure to low temperatures (Meyer et al., 1999; Wisniewski and Fuller, 1999; Griffith and Yaish, 2004). The effect of three synthetic analogues based on naturally occurring antifreeze peptides, AFPW, DCR26, DCR39, was investigated on carrot and cherry fruits (Kong et al., 2016; Kong et al., 2017). The in vitro experimental results showed that these compounds modified ice crystal morphology, resulting in reduced cell damage by ice crystals (Kong et al., 2017). Interestingly, certain plant AFPs share sequence homology with plant pathogenesis-related (PR) proteins including endochitinases (PR3), endo-β-1,3-glucanases (PR2), and thaumatines (PR5) (Antikainen et al., 1996; Pearce, 2001). This suggests that AFPs may serve a dual role in cold survival by mitigating freeze-related damage and providing defense against psychrophilic pathogens (e.g., ice-nucleating bacteria) (Griffith and Yaish, 2004).

The precise molecular mechanism underlying the interaction between cryoprotectants, particularly those containing AFPs, and ice crystals is not yet fully understood. Several factors that facilitate the binding of AFPs to ice nuclei have been identified. These include the amino acid composition of AFPs, with specific residues playing a role in the binding process (Davies and Sykes, 1997). Additionally, the secondary structure of these compounds, such as beta-strand-rich proteins, has been implicated in their ice-binding ability (Lu et al., 2002). Motifs such as the presence of N-acetyl groups at C-2 peptide chains with O-glycosidic linkages and gamma-methyl groups at threonine have also been identified as potential contributors to the ice-binding mechanism (Urbańczyk et al., 2017; Chakraborty and Jana, 2018). These ice-binding sites are primarily hydrophobic, although recent molecular studies have shown that both hydrophobic and hydrophilic properties contribute to the ice-binding mechanism (Hudait et al., 2018). Furthermore, AFPs and AFP-mediated cryoprotectants are known to form cages around the methyl groups on the ice-binding surface, organizing surrounding water molecules into an ice-like lattice and creating a quasi-liquid-like layer between water and the already formed ice crystals (Satyakam et al., 2022). However, despite these insights, the precise molecular mechanism by which certain cryoprotectants interact with ice crystals remains to be fully elucidated, and further research is needed to better understand this intriguing phenomenon.

In some cases, exogenously applied cryoprotectants can inhibit ice-nucleating bacteria by using inorganic salts or organic polymers to create a vapor barrier on the leaf surface, offering modest frost and freeze protection (Francko et al., 2011). An example of such cryoprotectants is a successful patent by Glenn et al. (2001), which describes a slurry comprising particulate materials that prevent ice crystal formation on the leaf surface at freezing temperatures. Ice-nucleating active (INA) bacteria, such as Pseudomonas syringae van Hall and Erwinia herbicola (Lihnis) Dye, possess a unique capability to catalyze ice formation at temperatures slightly below the freezing point (approximately -2°C) (Lindow et al., 1982). The ice-nucleation capability of INA bacteria is attributed to their specialized hydrophilic-hydrophobic ice-active sites (Pandey et al., 2016). In natural conditions, frost damage to plants typically occurs between -2°C and -5°C. Within this temperature range, ice crystals form from supercooled water within the plants, propagating throughout the intercellular and intracellular spaces and causing damage. In the absence of ice nucleation sites, water in plant tissues can remain in a supercooled state without freezing until the temperature becomes low enough for the most active ice nucleation site associated with the plant to catalyze the crystallization of supercooled water (Lindow et al., 1982). INA bacteria, found ubiquitously on plant surfaces, prevent supercooling by initiating the ice nucleation process using specialized ice-nucleating proteins (INPs) attached to their outer cellular membrane (Pandey et al., 2016), ultimately leading to freeze injury alleviation (Roeters et al., 2021; Lukas et al., 2022).




5.5 Reducing cell dehydration

At sub-zero temperatures, freeze-induced dehydration stress triggers changes in the lipid bilayer configuration of cell membranes, leading to a transition from a lamellar phase to a hexagonal II phase. The formation of hexagonal II phase membranes is facilitated by decreased water content, an increased number of intracellular membranes, and the presence of specific lipids such as phosphatidylethanolamine and sterols in the bilipid membrane (Uemura et al., 1995). Lipid unsaturation in plant cells plays a pivotal role in mitigating freeze damage and enhancing cold resistance. This is largely due to the properties of unsaturated fatty acids within the phospholipids of the cell membrane. These fatty acids have double bonds that introduce kinks in the fatty acid chains, preventing them from packing tightly and solidifying at low temperatures. Consequently, a higher degree of lipid unsaturation typically decreases freeze damage in plants. This is an adaptive strategy that many cold-tolerant plant species employ, synthesizing and accumulating unsaturated fatty acids under low-temperature exposure.

Alongside the structural changes in the lipid bilayer, dehydration stress can also induce expansion-induced lysis, where negative osmotic pressure drives water movement from the cell interior towards the extracellular space, resulting in a reduction in cell volume. This phenomenon causes the plasma membrane to invaginate and form endocytic vesicles, leading to a loss of plasma membrane surface area. Upon rewarming, the melted extracellular water reenters the cell, causing the cell to burst before regaining its original volume. In contrast, in cold-acclimated cell protoplasts, the volume reduction triggers the formation of exocytotic extrusions that do not decrease the membrane surface area and do not cause cell bursting upon rewarming (Uemura et al., 1995; Ambroise et al., 2020).

The application of specific exogenous cryoprotectants, such as Anti-Stress 2000 (Terra Tech, Eugene, OR) and Wilt-Pruf (Wilt-Pruf Products, Essex, CT), has been demonstrated to mitigate dehydration risk in plants during freezing and thawing cycles. This protective effect is attributed to the anti-desiccant properties of these compounds, which reduce water loss from plant tissues resulting from osmotic stress induced by ice crystal formation (Figure 2). By preserving cellular integrity and preventing dehydration-induced damage, these cryoprotectants play a vital role in plant protection. As discussed earlier, certain cryoprotectants contain molecules capable of lowering the freezing points of plant tissues. Additionally, these compounds contribute significantly to the prevention of cellular dehydration. For instance, potassium, a key component of several cryoprotectants, plays a crucial role in the hydrodynamic stomatal closure mechanism and helps maintain cellular osmotic balance (Figure 2). This regulatory mechanism of potassium is essential for preserving cellular integrity during freezing and thawing cycles (Cakmak, 2005; Wang et al., 2013).




5.6 Scavenging reactive oxygen species

Reactive Oxygen Species (ROS) are partially reduced or excited derivatives of molecular oxygen (O2), which naturally arise as a normal byproduct of aerobic life (Mittler, 2017; Sies and Jones, 2020). In contrast to O2, ROS are highly reactive and autonomously produced in various cellular compartments, leading to the oxidation of lipids, proteins, DNA, RNA, and many small cellular molecules. The high reactivity of ROS is attributed to their altered chemical composition, enabling them to engage in electron donation or transfer an excited energy states to accepter molecules (Mittler et al., 2022). The major forms of ROS in cells include free radicals like superoxide anion radical (O2•−) and hydroxyl radical (OH•), and non-radicals like hydrogen peroxide (H2O2) and singlet oxygen (1O2), and various forms of organic and inorganic peroxides (Mittler, 2017; Sies and Jones, 2020). ROS are primarily formed in chloroplast, mitochondria and peroxisomes. There are secondary sites including endoplasmic reticulum, cell membrane, cell wall and the apoplast, typically equipped with molecules having a high redox potential to reduced or excite molecular oxygen (Das and Roychoudhury, 2014; Mittler, 2017). ROS can be produced both passively by housekeeping enzyme or as by-products of metabolic pathways such as photosynthesis and respiration, and actively by specialized oxidase enzymes such as the respiratory burst oxidase homologues (RBOHs) proteins, which are the functional equivalent of mammalian NADPH oxidase (NOX proteins) (Mittler et al., 2022). Superoxide radical is the first by-product produced at the apoplast through the function of RBOHs proteins, which is subsequently dismutated by the action of superoxide dismutase (SOD) to H2O2. The membrane permeable H2O2 is the premier signaling molecule, playing an important role in regulating various cellular metabolic activities associated with growth, development, cell expansion and response to environmental stimuli (Baxter et al., 2014; Smirnoff and Arnaud, 2019). Hydrogen peroxide interacts with ferrous ions (Fe2+), forming OH•, the highly reactive form of ROS, through Fenton reaction (Mittler, 2017).

ROS display a dual role in plant cells, depending on their accumulation levels. A moderate, “steady-state” level of ROS is required for the progression of various fundamental biological processes, including cellular proliferation, differentiation and important signaling reactions in cells, but are also the unavoidable toxic byproducts of aerobic metabolism. As signaling molecules, ROS enables cells to rapidly respond to environmental stimuli and triggers plant’s cellular defense signaling cascade (Chi et al., 2013). Under optimal growth conditions, plants maintain a basal level of ROS serving as signaling molecules to sense elevated atmospheric oxygen levels and to monitor different metabolic reactions. However, different biotic and abiotic stress (i.e., freezing stress) disrupt the cellular homeostasis, uncouple metabolic pathways and leads to an increased production of ROS (Suzuki and Mittler, 2006; Miller et al., 2010). The elevated accumulation of ROS in cells leads to toxic oxidative stress, which adversely damages cellular components including protein denaturation, membrane lipids degradation through peroxidation (Heidarvand and Maali-Amiri, 2013) and oxidation and damaging of DNA, RNA, protein and membrane (Mittler, 2002; Mittler, 2017; Sharma et al., 2021), leading to cell death. The ROS-induced cell death is mediated through a programmed physiological and genetic pathway such as ferroptosis or regulated necrosis (Mittler, 2017). Plants pose ROS-scavenging mechanisms to detoxify the excessive ROS and maintain the balance between scavenging and production. This include the various antioxidative enzymes such as superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), peroxiredoxin (PRX), monodehydroascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR), and non-enzymatic antioxidants including ascorbic acid (AsA), reduced glutathione (GSH), α-tocopherol, carotenoids, flavonoids, and the osmolyte proline. The presence of these antioxidative systems in plants helps maintain a basal non-toxic level of ROS in cells, which serve as signaling molecules and promotes normal cellular processes (Miller et al., 2010; Das and Roychoudhury, 2014).

The application of certain cryoprotectants, such as Basfoliar® Frost Protect or COMPO® Frost Protect, has been shown to effectively mitigate ROS toxicity in plant cells. These cryoprotectants contain α-tocopherol, a lipophilic antioxidant that exhibit ROS and lipid radicals scavenging properties (Gill and Tuteja, 2010; Das and Roychoudhury, 2014) (Figure 2). Among the four isoforms of tocopherol (α-, β-, γ-, δ-), α-tocopherol has the highest antioxidant capability (Das and Roychoudhury, 2014). The antioxidant activity of tocopherol is primarily attributed to its ability of donating phenolic hydrogens to lipid free-radicals (Kamal-Eldin and Appelqvist, 1996). These compounds are known for their ability to inhibit lipid peroxidation, preserve the integrity and fluidity of photosynthesizing membranes and prevent membrane damage by interacting with O2 molecule and quenching reactive oxidative anions in which the reactivity of the highly reactive ROS, such as 1O2, is substantially reduced. It has been estimated that a single molecule of α-tocopherol can neutralize up to 120 molecules of 1O2 through resonance energy transfer (Gill and Tuteja, 2010; Das and Roychoudhury, 2014; Sadiq et al., 2019). Multiple studies demonstrated that increased accumulation of α-tocopherol in winter wheat leaves was associated with enhanced frost tolerance (Janeczko et al., 2018). Additionally, the application of exogenous α-tocopherol cryoprotectants has been found to enhance abiotic stress tolerance in onions by reducing the level of endogenous H2O2 and lipid peroxidation, and increasing the activity of antioxidative enzymes (i.e., SAD, CAT, APX, and GPX) and non-enzymatic antioxidants (i.e., AsA and GSH) (Semida et al., 2016).

Additionally, cryoprotectants, such as Frost Shield® (Maz-Zee S.A. International) and CROPAID® NPA® (Natural Plant Antifreeze, Bimas, Turkey), can enhance plant tolerance to excessive ROS levels through sequestering or replacing cellular free iron with other minerals. These cryoprotectants contain minerals and amino acids in their composition. Minerals, such as Mn2+ that is found in complex with amino acid, peptides, nucleotides and carbohydrates, can replace iron to prevent its toxicity during oxidative stress (Mittler, 2017). The presence of free iron in the form of Fe2+ is considered crucial for ROS toxicity due to its role in the Fenton reaction, where it catalyzes the generation of highly reactive hydroxyl radicals. By sequestering or substituting free iron with alternative minerals (i.e., Mn2+), cryoprotectants can disrupt the Fenton reaction and attenuate the production of damaging hydroxyl radicals. In addition, these manganese complexes are shown to effectively scavenge O2•−, H2O2 and OH• (Slade and Radman, 2011; Mittler, 2017). Overall, cryoprotectants modulate the equilibrium between ROS production through NADPH and ROS scavenging through various enzymatic and non-enzymatic antioxidants. However, it should be acknowledged that the specific molecular mechanisms can vary based on the type of cryoprotectant, plant species, and cellular conditions. Further research is required to gain a comprehensive understanding of these mechanisms.





6 Conclusion

Plants utilize advanced molecular mechanisms to perceive and respond to cold stress. Transmembrane proteins function as initial sensors for cold stress signals, triggering a cascade of molecular events that involve the generation of secondary messengers such as calcium ions (Ca2+), reactive oxygen species (ROS), and inositol phosphates. Among these, calcium signaling plays a critical role, activating downstream phosphorylation cascades and inducing the transcription of cold-responsive genes, including the cold-regulated (COR) genes. Cold stress imposes significant challenges on plant tissues, leading to membrane rigidification and dehydration caused by freeze-induced damage. In an effort to mitigate these adverse effects, plants have evolved strategies encompassing both avoidance and tolerance mechanisms. Tolerance mechanisms involve the gradual acclimatization of plants to decreasing temperatures, allowing them to incrementally accumulate cold tolerance. In contrast, avoidance mechanisms are predicted on the presence of cryoprotectant molecules such as potassium ions (K+), proline, glycerol, and antifreeze proteins (AFPs).

Cryoprotectants operate by increasing intracellular solute concentration, thereby lowering the freezing point and obstructing ice formation. These molecules also exhibit potent antioxidant properties, efficiently scavenging ROS and preventing protein denaturation. By forming extensive hydrogen bonds with water molecules, cryoprotectants can also alter water properties, limiting intercellular water movement, and minimizing extracellular ice crystal formation (Figure 2). This action consequently reduces cell dehydration and mitigates freeze-induced cellular damage. In addition, cryoprotectants aid in the preservation of plasma membrane fluidity and the reduction of electrolyte leakage, effectively shielding plant cells against freeze-induced injury. The intricate relationship between these cryoprotectant molecules and cellular processes enhances the plant’s resilience to cold stress and bolsters survival in freezing environments. Taken together, the deployment of cryoprotectants represents a sophisticated adaptive strategy utilized by plants to counter the damaging effects of cold stress, thereby facilitating their acclimation and survival in freezing conditions. Nevertheless, a comprehensive understanding of these mechanisms warrants further research. It is essential to elucidate the physiological and molecular mechanisms of these compounds and evaluate their potential impact on crop productivity and sustainability. Such efforts will undoubtedly contribute to the ongoing advancement of plant biology and the broader field of environmental science.
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Introduction

Paprika (Capsicum annuum L.) is prone to chilling injury (CI) during low-temperature storage. Although recent findings suggest that CO2 treatment may protect against CI, the effects of short-term CO2 treatment on CI and the underlying molecular mechanisms in paprika remain unknown. Therefore, this study aimed to examine the effect of short-term CO2 treatment on CI and postharvest quality in paprika during storage at cold storage and retail condition at physio-biochemical-molecular level.





Methods

Paprika was treated with 20 and 30% CO2 for 3 h and stored at 4°C for 14 days, followed by additional storage for 2 days at 20°C (retail condition). Fruit quality parameters, including weight loss, firmness, color, and pitting were assessed, and the molecular mechanism of the treatment was elucidated using transcriptomic and metabolomic analyses.





Results

Short-term treatment with 20 and 30% CO2 effectively maintained paprika quality during cold storage and retailer conditions, with reduced surface pitting, a common symptom of CI. Additionally, transcriptomic and metabolomic analyses revealed that 20% CO2 treatment induced genes associated with biosynthesis of phosphatidic acid (PA), diacylglycerol, triacylglycerol, and stress response, metabolites associated with phasphatidyl inositol signaling, inositol phosphate metabolism, and starch and sucrose metabolism.





Conclusion

CO2 treatment activates PA biosynthesis through PLD and PLC-DGK pathways, and induces inositol phosphate, starch, and sucrose metabolism, thereby regulating chilling stress response via the ICE-CBF pathway. These findings suggest that short-term CO2 treatment enhances resistance to cold-induced injury and preserves postharvest quality in non-climacteric fruits, such as paprika, through activation of PA signaling, which improves membrane stability during cold storage and distribution.





Keywords: Capsicum annum L., chilling injury, membrane integrity, postharvest quality, lipid metabolism, phosphatidic acid, stress response, DREB




1 Introduction

Postharvest storage and transportation of fresh produce are crucial stages in the supply chain that substantially affect product quality and shelf life. Among the various factors affecting the postharvest quality of fruits and vegetables, chilling injury (CI) remains a persistent challenge, particularly for chilling-sensitive crops, such as paprika (Capsicum annuum L.). CI is a physiological disorder characterized by the development of various symptoms, including tissue softening, water soaking, discoloration, and increased susceptibility to decay, leading to considerable economic losses for producers and retailers (Biswas et al., 2016; Park et al., 2021; Rai et al., 2022). Conventional approaches to mitigate CI often involve controlling storage temperatures above the chilling threshold, which is typically around 10°C for paprika (Lim et al., 2007). However, maintaining high temperatures during storage can result in accelerated deterioration and reduced shelf life (Rao et al., 2011). Therefore, it is critical to explore alternative strategies that can effectively alleviate CI, while preserving the quality attributes and extending the postharvest life of paprika.

Recently, carbon dioxide (CO2) treatment has emerged as a promising strategy for preserving the post-harvest quality of various horticultural products. For instance, continuous exposure to CO2 (5%) effectively maintained the postharvest quality of tomatoes during storage at 10°C (Taye et al., 2017). Similarly, strawberries exposed to 18% CO2 for 48 h prior to storage at 1°C exhibited enhanced resistance to softening and oxidative stress (del Olmo et al., 2022). Additionally, treatment with 95% CO2 for 36 h prior to storage at 1°C reduced the susceptibility of persimmons to CI (Besada et al., 2015). Moreover, treatment with 10% CO2 for 24 h in combination with modified atmosphere packaging effectively maintained the quality of sweet peppers stored at 10°C (Afolabi et al., 2023). Furthermore, treatment with 30% CO2 for 6 h prior to storage at 0°C reduced CI, extended storability, and preserved the sensory quality and antioxidant capacity of Madoka peach fruit (Tilahun et al., 2022). However, it is imperative to minimize the treatment duration to enhance the feasibility and cost-effectiveness of postharvest treatments for producers and distributors. Notably, studies have shown that exposing strawberries and tomatoes to 30% CO2 for only 3 h can effectively maintain quality and mitigate CI (Eum et al., 2021; Park et al., 2021).

The mechanism underlying CO2-induced postharvest quality preservation is attributed to its ability to reduce respiration rate and ethylene production. For instance, apples, melons, tomatoes, and bananas showed respiratory reduction following high CO2 treatment (Kubo et al., 1989; Park et al., 2021). CO2 pretreatment coupled with cold storage synergistically reduced ethylene production, leading to delayed ripening in tomatoes (Park et al., 2021). At the molecular level, ethylene biosynthesis and signaling genes are suppressed by CO2 pretreatment in tomatoes (Rothan et al., 1997; Park et al., 2021), and CO2 treatment can modulate genes encoding cell wall-degrading enzymes in strawberries (Eum et al., 2021). Additionally, CO2 pretreatment triggers the expression of genes involved in stress and the activity of antioxidant enzymes in several fruits and vegetables, including tomatoes, grapes, peaches, and strawberries (Rothan et al., 1997; Romero et al., 2016; Park et al., 2021; del Olmo et al., 2022; Tilahun et al., 2022). CI often disrupts membrane integrity due to altered fluidity and rigidity caused by temperature fluctuations during storage, resulting in cellular leakage, compromised physiological functions, and decrease in overall quality (Biswas et al., 2016; Valenzuela et al., 2017). Moreover, chilling stress can induce oxidative stress by triggering the production of reactive oxygen species (ROS) owing to disrupted electron transport chains and impaired antioxidant systems (Biswas et al., 2016; Valenzuela et al., 2017). Therefore, developing postharvest technologies that target membrane lipid metabolism and stress responses would be highly beneficial for inhibiting CI and maintaining the postharvest quality of fresh produce.

Despite the positive effects of short-term CO2 treatment in tomato and strawberry, its impact on the quality of stored paprika remains unexplored. Moreover, the molecular mechanisms of CO2-induced quality preservation and CI resistance remains unclear, particularly in non-climacteric fruits, such as paprika. Therefore, this study aimed to comprehensively evaluate the effect and molecular mechanism of short-term CO2 pretreatment on postharvest quality in paprika under cold storage and retail conditions, using transcriptomic and metabolomic analyses.




2 Materials and methods



2.1 Plant materials and treatments

Paprika fruits (cv. Sirocco, red color) were harvested at approximately 80–85% maturity stage. After arrival to the laboratory, the fruits were immediately treated with 20 and 30% CO2 (mixed with ambient air) or left untreated in a commercial cardboard box for 3 h in a closed chamber at room temperature (~20°C). After the treatment period, the chamber was flushed with air to remove CO2. In total, 30 boxes per treatment were used for the study, with each box containing 30 fruits. The CO2 concentration in the closed chamber was measured using a portable headspace analyzer (Dansensor, Ringsted, Denmark). Samples in the control group were flushed with ambient air, and the damaged fruits were discarded. The fruits were stored in a covered cardboard box at 4°C (cold storage) for 14 d or at 4°C for 14 d, followed by additional 2 d at 20°C (14 + 2 d; retail condition). Relative humidity was maintained at 90 ± 5% during the storage period.




2.2 Fruit quality evaluation

Briefly, 20 fruits were sampled per treatment for fruit quality assessment. The fruits were weighed to determine weight loss using an electronic weighing balance. Skin color was monitored using a color meter (Minolta CR-400; Konica Minolta, Osaka, Japan), and values were reported based on Hunter’s redness scale (a*). Firmness was analyzed using a texture analyzer (TA Plus Lloyd Instruments Ltd., Fareham, Hamshire, UK) equipped with a 5-mm plunger head (diameter) at a speed of 2 mm/s. Total soluble solid content (SSC) was analyzed using a digital refractometer (PAL-1, Atago Co. Ltd., Tokyo, Japan). Fruit pitting was expressed as the percentage of fruits that exhibited pitting. The final reported quality attributes were obtained from three independent replicates per treatment per day.




2.3 Light microscopy for tissue structure analysis

Tissue analysis was performed as previously described (Clément et al., 1996), with some modifications. Briefly, paprika tissues were fixed in 2.5% glutaraldehyde (v/v in a 0.1 M phosphate buffer) at pH of 7.2 with 4% sucrose (w/v) for 24 h. After three rinses with the above fixing buffer (30 min each), the samples were post-fixed with 1% OsO4 w/v in the same buffer with 4% sucrose (w/v) for 4 h. After rinsing three times (30 min each), the tissues were dehydrated in alcohol gradient series, transferred to propylene oxide, and embedded in Epon epoxy resin. Semi-thin sections (2.5 µm) were prepared using an ultra-microtome and placed on glass slides. The polysaccharide-specific reaction was performed using periodic acid-Schiff (PAS) and the tissue structures are shown in red. Sections for staining were first immersed in 1% periodic acid (w/v) for 30 min, followed by immersion in Schiff’s reagent for 40 min and in 5% sodium bisulfite (w/v) for 35 min. Thereafter, the sections were rinsed with distilled water, dried on a warm plate, and mounted on Histomount. The negative control was prepared by omitting the oxidation step using periodic acid. The samples were observed under a light microscope (Axioscop 2; Carl Zeiss, Germany).




2.4 Transcriptome analysis

Paprika fruits were sampled at days 0, 7, and 14 + 2 from the untreated control and 20% CO2-treated groups. Thereafter, five fruits were pooled from each sample, and the peel tissue was used for RNA isolation using the Qiagen RNA mini prep (Qiagen, USA). RNA purity and integrity were verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA USA), and only RNA with an RNA integrity value (RIN) > 8 were used for library preparation. Library preparation and RNA sequencing (RNA-seq) were performed at C&K Genomics in Seoul, South Korea. The processed reads were aligned to the sequence of Capsicum annuum (AVRZ02) using HISAT v2.1.0 (Kim et al., 2015). Aligned reads were counted using featureCounts in the Subread package version 1.6.0100 (Liao et al., 2014). Count data were analyzed for differential gene expression using the EdgeR package (Robinson et al., 2010). The expression level of each transcript was normalized to the TMM (trimmed mean) using the M-value normalization method (Robinson and Oshlack, 2010). The filtered data were log2-transformed and subjected to quantile normalization. Differentially expressed genes (DEGs) were selected using p ≤ 0.05 and log2-fold change (FC) ≥ 1 as thresholds. Gene ontology (GO) enrichment sets of the DEGs were obtained using the DAVID (Databank for Annotation, Visualization, and Integrated Discovery) database (Dennis et al., 2003).




2.5 Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was performed as described by Park et al. (2021). Target genes were amplified on a CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad, USA) using the iQTM SYBR Green Supermix (Bio-Rad) with specific primers (Supplementary Table S1). The qRT-PCR conditions were as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 10 s and 55°C or 58°C for 40 s. The relative gene expression was calculated using the ΔΔCt method and normalized to that of the housekeeping genes actin and elongation factor 1. The qRT-PCR was performed using at least three biological replicates and two technical replicates.




2.6 Metabolome analysis using gas chromatography–mass spectrometry

Samples were prepared for primary metabolites profiling following previously described methods (Lisec et al., 2015; Song and Ku, 2021), with some modifications. Briefly, freeze-dried paprika powder was extracted in methanol. Ribitol and tetracosane were used as internal standards for water- and lipid-soluble compounds, respectively. Water- and lipid-soluble compounds were separated into two phases via liquid-to-liquid extraction using deionized water and chloroform, respectively. Each organic phase was fully dried using a SpeedVac. Thereafter, methoxyamide (in anhydrous pyridine) was added to a tube containing dried water-soluble phase and incubated at 37°C for 90 min under constant shaking at 800 rpm. For derivatization of the water-soluble metabolites, N-methyl-N-(trimethylsilyl)trifluoroacetamide and 1% trimethylchlorosilane (TMCS) were added, and the sample was incubated at 50°C for 20 min under constant shaking at 800 rpm. For derivatization of the lipid-soluble metabolites, N, O-bis (trimethylsilyl)trifluoroacetamide + TMCS was added to the sample. The mixture was incubated at 60°C for 60 min under constant shaking at 800 rpm. The sample was transferred to vials with an insert and 1 µL was injected into a gas chromatograph (Nexis GC-2030, Shimadzu, Kyoto, Japan) coupled to a gas chromatograph–mass spectrometer (GC/MS-QP 2020 NX, Shimadzu) and an autosampler with injector (AOC-20i PLUS, Shimadzu). Chromatographic separation was performed in a capillary column (DB-5MS, Agilent, CA, USA; 30 m × 0.25 mm coated with 0.25 µm film). The flow rate of the carrier gas (helium) was set to 1.2 mL·min-1. The mass spectrophotometry parameters were as follows: ion source temperature, interface temperature, and mass scan range were set to 300°C, 250°C, and 40-600 m/z, respectively. For analysis of water-soluble metabolites, the initial oven temperature was set at 80°C for 2 min, then increased to 330°C at a rate of 12°C·min-1, and maintained at 330°C for 5 min. For analysis of lipid-soluble metabolites, the initial oven temperature was set at 150°C for 1 min, then increased to 320°C at a rate of 12°C·min-1, and maintained at 320°C for 7 min. Metabolites were identified based on the library from National Institute of Standards and Technology (NIST) or standard compounds (Supplementary Table S4).




2.7 Statistical analyses

Data are presented as the mean ± standard error. Significant differences were determined using analysis of variance (ANOVA), followed by t-test for comparisons between groups. Partial least squares discriminant analysis (PLS–DA) and pathway analysis were performed using MetaboAnalyst (https://www.metaboanalyst.ca/). All analyses were performed using SAS v.9.2 (SAS Institute, Cary, NC, USA).





3 Results



3.1 CO2 treatment reduces chilling injury and maintains quality in paprika

Compared with that in the control group, treatment with 20 and 30% CO2 increased the respiration rate at day 0, indicating the successful absorption of CO2 in treated paprika (Supplementary Figure S1). However, there was a decrease in respiration rate during cold storage (4°C) for 14 days with respiration rate peaking at day 5 of storage at 20°C (Supplementary Figure S1). Notably, there was no significant difference in respiration rate between the treatment and control groups during storage at 4 and 20°C regardless of the CO2 treatment concentration. Additionally, treatment with 20% CO2 caused a decrease in hue value and fresh weight during cold storage (Supplementary Table S2). Figure 1A represents the images of CO2 -treated and untreated fruits stored at 14 days of cold storage at 4°C and additional 2 days of storage under retails condition at 20°C. Moreover, 20% CO2 - and 30% CO2 -treated paprika were significantly firmer than untreated fruits at 14 days cold storage at 4°C and 5 days at 20°C (Figure 1B; Supplementary Table S2). Specifically, fruits treated with 20% CO2 were 18.2% firmer than those in the control group after 14 days of cold storage and additional 2 days of storage under retails condition (14 + 2 days) (Figure 1B). There was no significant difference in SSC between CO2-treated and untreated fruits (Supplementary Table S2). The Pitting rate is a primary symptom of CI in paprika, fruits treated with 20 and 30% CO2 (Supplementary Figure S3) showed significantly lower surface pitting after transfer from cold storage to retail conditions. Specifically, only 39% of fruits treated with 20% CO2 showed surface pitting at day 2 after transfer from cold storage (14 days) to retail conditions compared with a rate of 51% in the control group (Figure 1C). CO2 treatment reduced the loss rate by about 12% during distribution, which is an economic benefit depending on the market price (Supplementary Table S3) Overall, these results suggest that CO2 treatment effectively delayed ripening and senescence and maintained fruit firmness during storage, which improved quality and reduced CI in paprika. As there were no notable differences between 20 and 30% CO2 treatments, 20% CO2 treatment was selected for further experiments.




Figure 1 | Effect of short-term CO2 treatment on postharvest quality and chilling injury in paprika. Representative images of CO2-treated and untreated fruits at 4°C for 14 days, followed by storage for 2 days at 20°C (A), firmness (B), and pitting (C) in paprika treated with CO2 and stored at 4°C for 14 days, and retail condition. Data represents the mean ± standard error of three replicates. At (B), different letters on the graphs represent significant differences between the control and CO2 treatments (DMRT, P < 0.05). and at (C), * represent t-test for comparisons between groups(p<0.1,**p < 0.05 and ***p < 0.0005).






3.2 CO2 treatment affects the transcriptome profile of paprika

RNA sequencing was performed at days 0, 14, and 14 + 2 after CO2 treatment using pericarp tissues. Heatmap revealed remarkable changes in the transcriptome of the fruits following 20% CO2 treatment (Figure 2A). Differential expression analysis identified 3,511 DEGs in the treated vs. untreated groups, among which 2,996 DEGs were expressed at day 0, 56 DEGs at day 14, and 459 DEGs at day 14 + 2 after CO2 treatment (Figure 2B). GO functional annotation showed that the DEGs were enriched in different functional terms in the cellular components, biological processes, and molecular functions categories (Figure 2C). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that the DEGs were enriched in amino sugar and nucleotide sugar metabolism, fatty acid degradation, fatty acid metabolism, alpha-linoleic acid metabolism, plant hormone signal transduction, and metabolic pathways (Figure 2D). All upregulated and downregulated genes in response to CO2 treatment are shown in Tables S5, S6, S7.




Figure 2 | Transcriptome analysis of CO2-treated tomatoes. Heatmap (A) and Venn diagram (B) of differentially expressed genes (DEGs); Gene ontology functional categorization of DEGs (C); KEGG pathway enrichment analysis of DEGs (D); quantitative real-time PCR validation of lipid metabolism- and stress-related genes (E) in paprika treated with CO2 and stored at 4°C for 14 days, followed by storage for 2 days at 20°C (14 + 2). *p < 0.1, and **p < 0.01.



Membrane lipid metabolism plays an important role in the cold stress response. DEGs involved in lipid processes, such as phospholipases (phospholipase D delta and phospholipase A1-II 1), diacylglycerol kinase 5 (DGK5), diacylglycerol O-acyltransferase 1 (DGAT1), omega-6 fatty acid desaturase (FAD), GDSL esterase/lipases (GDSL esterase/lipase At5g18430, GDSL esterase/lipase At1g71250), non-specific lipid-transfer proteins, oleosins (oleosin 21.2 kDa, oleosin 18 kDa, oleosin 18.5 kDa), and WRI1 were upregulated at day 0 (Table 1). Additionally, DEGs encoding the lipid-body membrane proteins, including oleosins (oleosin 21.2 kDa, oleosin 18 kDa, oleosin 18.5 kDa), were strongly induced at day 0. Moreover, DEGs encoding glycerol-3-phosphate acyltransferase 3, FAD, enoyl-CoA delta isomerase 1, and lipid phosphate phosphatase 3 (LPP3) were upregulated in the CO2-treated fruits at day 14 + 2 (Table 1). At day 14, only 18 DEGs showed expression of more than 1.5 fold, and where mainly involved in encoding unknown proteins, except for cardiolipin synthase, which was downregulated. Additionally, DEG related to lipid-derived molecules, including oxylipins and jasmonates (alpha-dioxygenase 1, 9-divinyl ether synthase, linolenate hydroperoxide lyase, and linoleate 9S-lipoxygenase), were induced by CO2 treatment at days 0 and 14 + 2 after treatment (Table 1).


Table 1 | Differentially expressed genes (DEGs) involved in lipid processes in paprika treated with CO2..



Furthermore, CO2 treatment modulated the expression of various stress-related genes, including dehydration-responsive element-binding proteins (DREB1A and DREB1C), MYBs, heat shock 70 kDa protein, peroxidase 36, proline-rich protein 4, desiccation-related protein, and pathogenesis-related proteins, at days 0 and 14 + 2 (Table 2). However, one DEG encoding NAC domain-containing protein 7 was suppressed at day 14 after CO2 treatment (Table 2). qRT-PCR was performed to confirm the effects of CO2 treatment on oleosin, 9-DES, LOX5, ERF72, WRI1, peroxidase 36, HSP70, DREB1A, and DREB1C. There were no significant differences in the expression levels of lipoxygenase, oleosin, WRI, and HSP70 between CO2-treated and untreated fruits (Figure 2E). Notably, these genes, except for oleosin and peroxidase36, were specifically induced in CO2-treated fruits at day 0 (Figure 2E).


Table 2 | Differentially expressed genes (DEGs) involved in stress response in paprika treated with CO2..






3.3 CO2 treatment affects the metabolome of paprika

The metabolite profiles of CO2-treated and untreated fruits were analyzed at days 0, 14, and 14 + 2 after CO2 treatment. In total, 36 metabolites, including 28 water-soluble and 8 lipid-soluble metabolites including 2 internal standards, were identified (Supplementary Table S4). PLS-DA was conducted to explore the effect of CO2 and the relationship between the metabolites. The two PLS-DA components collectively accounted for 85.4 and 86.4% of the total variance in the dataset at days 14 and 14 + 2, respectively (Figures 3A, B). Additionally, there was a clear separation of the two clusters, indicating the significant impact of CO2 on metabolites in paprika during storage (Figures 3A, B).




Figure 3 | Metabolic changes in of CO2-treated paprika. Scores plot of partial least squares discriminant analysis of water soluble and lipid soluble metabolites at days 14 (A) and 14 + 2 (B); Pathway analysis of water soluble and lipid soluble metabolites on days 14 (C) and 14 + 2 (D); differential accumulation of metabolites (E) in paprika treated with CO2 and stored at 4°C for 14 days, followed by storage for 2 days at 20°C (14 + 2). *p < 0.1, and **p < 0.01.



Further analysis indicated changes in pathways analysis at days 14 and 14 + 2 after CO2 treatment (Figures 3C, D). At day 14, the most significantly affected pathway was starch and sucrose metabolism’ pathway. At day 14 + 2, the most significantly affected pathway was the phosphatidylinositol signaling system and inositol phosphate metabolism. Furthermore, CO2 treatment significantly reduced the levels of the metabolites valine, asparagine, citric acid, sucrose, myoinositol, and oxyproline at days 14 and 14 + 2 after CO2 treatment (Figure 3E), indicating potential alteration of the TCA cycle, electron transport chain, and stress tolerance mechanisms in CO2-treated fruits. Decreased citric acid and sucrose levels in CO2-treated fruits (Figure 3E) suggest their channelizing into GABA shunt pathway.




3.4 Anatomical analysis of pericarp of paprika treated with CO2

In this study, surface pitting was observed on the fruits at day 14 + 2 of storage (Figure 1C). Microscopic examination of cross-sections of pericarp tissues of the fruits at days 0 and 14 + 2 showed that the epidermis and hypodermis of the pericarp tissues appeared to have a compact cell size and shrinking cell morphology, suggesting severe water loss in the hypodermal layer (Figure 4). Notably, hypodermal cells were substantially shirked and appeared to collapse compared with epidermal cells (Figure 4), suggesting cell membrane impairment in hypodermal cells during long-term low-temperature storage.




Figure 4 | Microscopic analysis of pericarp tissues of paprika.







4 Discussion



4.1 Short-term CO2 treatment enhances postharvest quality and reduces CI in paprika

The primary CI symptoms in paprika such as surface pitting, calyx discoloration remains a major concern, leading to substantial economic losses. CI is initiated in fruits exposed to cold temperatures; however, the symptoms are more evident when the fruits are shifted from cold storage temperatures to non-chilling temperatures (Biswas et al., 2016). In the present study, short-term treatment with 20 and 30% CO2 for 3 h prior to cold storage delayed ripening progression, enhanced firmness, reduced weight loss, and minimized surface pitting (Figure 1), which was consistent with previous findings in CO2-treated crops, including tomatoes, strawberries, persimmons, peaches, and sweet peppers (Besada et al., 2015; Eum et al., 2021; Park et al., 2021; Tilahun et al., 2022; Afolabi et al., 2023). Notably, our study differs from previous approaches that utilized longer treatment durations, ranging from 6 to 48 h or continuous. Although the effect of CO2 treatment for 3 h on tomato and strawberries has been previously examined, this is the first study to best of our knowledge to examine the effects of short-term CO2 treatment on postharvest quality and CI in paprika. The results of the present study are attributed to the ability of CO2 to modulate respiration rates and ethylene production, as observed in studies on tomatoes and other fruits (Kubo et al., 1989; Taye et al., 2017; Park et al., 2021; Tilahun et al., 2022).




4.2 Short-term CO2 treatment activates genes associated with phosphatidic acid biosynthesis and stress response

Transcriptomic and metabolomic analyses revealed the intricate molecular responses triggered by CO2 treatment in paprika. Specifically, CO2 treatment activated specific DEGs and metabolites associated with lipid processes and stress responses, shedding light on the underlying mechanisms. Particularly, CO2 treatment activated genes involved in phosphatidic acid (PA) biosynthesis, a central precursor for glycerophospholipids, galactolipids, and triacylglycerol (TAG) biosynthesis; moreover, PA plays a pivotal role in cellular responses to stress conditions (Hong et al., 2016; Perlikowski et al., 2016; Yu et al., 2019; Wu et al., 2022). PA is produced through the acylation of lysophosphatidic acid (LPA), which is derived from glycerol 3-phosphate by the enzyme glycerol 3-phosphate acyltransferase (GPAT) (Nakamura, 2017). PA biosynthesis via acylation steps is the start of the glycerolipid de novo biosynthesis. In this study, CO2 treatment induced the expression of GPAT (Table 1), indicating the induction of PA production in these fruits. Alternatively, PA levels are controlled by phospholipase (PL) D and PLC-DGK (diacylglycerol kinase) pathways, involving PLs, phosphates, and lipid kinases (Wu et al., 2022). In the PLD pathway, the structural phospholipids are hydrolyzed by PLD to produce PA and soluble head groups (Wu et al., 2022). In the PLC-DGK pathway, PLC acts on phosphatidylinositol 4,5-bisphosphate (PtdInsP2) to produce DAG and inositol phosphate (IP) 3. Notably, DAG can be phosphorylated by DGK to form PA (Wu et al., 2022). Additionally, PA can be dephosphorylated back into DAG by lipid phosphate phosphatases (LPP) (Craddock et al., 2017; Su et al., 2021). In this study, CO2 treatment enhanced the expression of PLDδ, DGK5s, and LPP3, indicating the activation of PLD and PLC-DGK pathways. These pathways are the two principal routes that produce signaling PA and have been extensively studied for their early response to cold stress (Vergnolle et al., 2005; Wu et al., 2022). For instance, PLDs and DGKs were responsive to low temperature in peppers (Kong et al., 2019). Deactivating PLDδ makes Arabidopsis plants more sensitive to freezing, while its overexpression enhances freezing tolerance (Li et al., 2004). Furthermore, DAG can serve as a substrate for the synthesis of various lipids, including membrane phospholipids and TAGs. Diacylglycerol O-acyltransferase 1 (DGAT) transfers a fatty acyl group from a fatty acyl-CoA molecule to a DAG molecule, resulting in the formation of TAG (Wu et al., 2022). In this study, the expression of DEGs encoding DGAT and oleosins, the structural proteins of TAGs, were induced in the CO2-treated fruits (Table 1; Shimada et al., 2008). The dgat1 mutant lines exhibited reduced cold tolerance, and DAG and PA levels were significantly increased in Arabidopsis (Tan et al., 2018). Moreover, the dynamic balance of PA, DAG, and TAG is an important protective strategy to combat freezing temperatures (Tan et al., 2018).

The ICE–CBF/DREB1 transcriptional cascade has been extensively studied for its role in cold signaling (Chinnusamy et al., 2007). ICE1 transcription factor directly activates cold-responsive genes by binding to cis-elements in the CBF3/DREB1a and CBF2 (DREB1C) promoters (Chinnusamy et al., 2007). In the present study, DREB1A and DREB1C were expressed at day 0 after CO2 treatment (Table 2; Figure 2E), indicating the potent impact of CO2 treatment on the early activation of crucial components of the ICE–CBF/DREB1 pathway. Moreover, PLC and PLD pathways function upstream of the ICE–CBF/DREB1 pathway (Vergnolle et al., 2005). These results indicate that CO2 treatment may trigger ICE–CBF/DREB1 pathway to regulate chilling stress. Furthermore, the jasmonate signaling pathway acts as a pivotal upstream regulator of the ICE–CBF/DREB1 pathway, and plays a pivotal role in enhancing freezing tolerance in Arabidopsis (Hu et al., 2013). Remarkably, CO2 treatment induced the expression of jasmonate synthesis-related genes, specifically alpha-dioxygenase 1, 9-divinyl ether synthase (DES), 9S-lipoxygenase (LOX5), in the treated fruits (Table 1; Figure 2E). The concurrent induction of DREBs and jasmonic acid biosynthesis-related genes strongly suggests the activation of the ICE–CBF pathway following CO2 treatment. Moreover, CO2 treatment triggered the expression of known stress-responsive genes, such as peroxidase 32, heatshok protein 70, pathogenesis related proteins (Table 2; Figure 2E), and promoted stress defense mechanisms. The upregulation of stress-related genes may have amplified antioxidant enzyme activity, as confirmed by ABTS and DPPH assays, and enhanced polyphenol content (Supplementary Figure S2). Overall, these results indicate that CO2 enhances resistance to freezing stress in fruits through a multifaceted approach, thereby improving postharvest quality.

Intricate stress signaling might induce lipid processes, as evidenced by enhanced expression of the membrane integrity associated gene fatty acid desaturases (FADs) in CO2-treated fruits (Table 1; Figure 2E), leading to improved membrane stability (Figure 4), which may contribute to extending the shelf life of the fruits. This is of particular significance, considering that the balance of unsaturated fatty acids within the lipid bilayer plays a pivotal role in plant responses to CI (Zhang and Tian, 2010). Moreover, heterologous overexpression of Eriobotrya japonica’s FAD8 in Arabidopsis increased the expression of ICE-CBF-cold regulated genes in response to low temperatures (Xu et al., 2023), indicating intricate interaction between lipid process and stress signaling during chilling stress.




4.3 Short-term CO2 treatment activates metabolites associated with inositol phosphate metabolism and starch and sucrose metabolism

At day 14 of cold storage, starch and sucrose metabolism were remarkably altered, suggesting that high CO2 exposure may play a role in modulating carbohydrate metabolism in CO2-treated paprika during cold storage. Starch and sucrose, the principal carbohydrates in plants, play critical roles in energy storage and transfer (Zhu et al., 2023), and alterations in this pathway indicates that short-term CO2 treatment increases the tricarboxylic acid (TCA) cycle, potentially affecting fruit respiration. Exposing agricultural produce to elevated levels of CO2, especially for short durations may promote anaerobic metabolism or stress responses. Under these conditions, a reduction in mitochondrial respiration, which in turn limits the availability of ATP for energy-demanding processes. In response to this energy crisis, fruit metabolism adapts by enhancing substrate-level ATP production. This adaptation involves various processes, including the breakdown of soluble sugars and the degradation of starch (Gorin et al., 1978; Planchet et al., 2017; Brizzolara et al., 2020).

Terzoudis et al. (2022) reported that a decrease in oxygen levels was associated with reduced levels of sucrose, citrate, and valine in postharvest peach fruits. Furthermore, under anaerobic conditions, certain amino acids, including valine, can be metabolized via the branched-chain amino acid degradation pathway to produce compounds that feed into the TCA cycle or the electron transport chain (Araújo et al., 2011). This might lead to a decrease in valine levels in CO2-treated fruits (Figure 3E). Another possible explanation is that a sudden elevation in CO2 may affect protein synthesis and degradation in cells (Brizzolara et al., 2020). Notably, Tanou et al. (2017) reported differential accumulation of valine was associated with CI tolerance in peach fruits. Similarly, the reduction in citric acid and sucrose levels can be interpreted as continuous metabolism under elevated CO2 levels. Although it is known that high levels of CO2 and low O2 inhibit cell respiration (Kubo et al., 1989), metabolism might increase through the GABA shunt pathway under low O2 conditions (Li et al., 2021).

IPs and phosphatidylinositol (PI) signaling pathways are involved in several biological processes, including chilling stress. IP3 is generated by PLC-mediated hydrolysis of PtdInsP2, and triggers a set of cellular processes by releasing calcium, which acts as a secondary messenger to transduce cold signals (Sun et al., 2021). In this study, inositol phosphate metabolism was identified at both days 14 and 14 + 2, emphasizing its importance and potential sensitivity to CO2 exposure. Phosphatidylinositol signaling is pivotal for various cellular processes, including cell growth, differentiation, and motility (Sun et al., 2021). The phosphatidylinositol signaling system and inositol phosphate metabolic pathways are linked to freezing tolerance and CI regulation in plants (Zakharian et al., 2010; Sun et al., 2021). Notably, metabolite changes in CO2-treated fruits were associated with phosphatidylinositol signaling and inositol phosphate metabolism (Figure 3D), suggesting their potential role in CO2-induced chilling tolerance in paprika.

Notably, the cellular response to CO2 in non-climacteric fruits appears to differ from that in climacteric fruits. For instance, treatment with 30% CO2 for 3 h maintained the quality of tomatoes and protected against CI through associated with transcriptional changes in ethylene-related genes and respiratory-related metabolism (Park et al., 2021), whereas CO2 treatment maintained the quality of paprika, a non-climacteric fruit, by modulating mainly lipid-related processes, stress responses, and metabolism of starch and inositol phosphates.





5 Conclusion

Short-term CO2 treatment reduced CI and improved postharvest quality in paprika by activating PA synthesis and its signaling via the PLD and PLC–DK pathways, inducing stress signaling via the ICE–CBF pathway, and enhancing lipid processes and antioxidant defense mechanisms, thereby promoting membrane stability (Figure 5). Overall, these findings contribute to the advancement of innovative strategies for preserving postharvest quality in paprika and minimizing losses. However, further studies are necessary to examine the effects of short-term CO2 treatment on the postharvest quality of other crop species under cold storage.




Figure 5 | Potential molecular mechanism through which CO2 maintains postharvest quality and protects against chilling injury. InsP, inositol phosphate; PtdIns, phosphatidylinositol; PtdInsP, phosphatidylinositol phosphate; PL, phospholipid; PLD, phospholipase D; PLC, phospholipase C; PA, phosphatidic acid; DAG, diacylglycerol; TAG, triacylglycerol; G3P, glycerol-3-phosphate, LPA, lysophosphatidic acid; DGK, DAG kinase; GPAT, G3P acyltransferase; LPP, LPA phosphatase. Solid arrows represent established pathways; dashed arrows indicate potential pathways; array of arrows indicate multiple steps; yellow region indicate inositol phosphate metabolism.
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The effect of γ-aminobutyric acid (GABA) treatment at two concentrations (1 mM or 5 mM) on papaya fruit stored at 4°C and 80%–90% relative humidity for 5 weeks was investigated. The application of GABA at 5 mM apparently inhibited chilling injury, internal browning, electrolyte leakage, malondialdehyde (MDA), hydrogen peroxide (H2O2), polyphenol oxidase (PPO), phospholipase D (PLD), and lipoxygenase (LOX) activities of papaya fruit. Fruit treated with 5 mM GABA enhanced the activities of ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), superoxide dismutase (SOD), glutamate decarboxylase (GAD), and phenylalanine ammonia-lyase (PAL). In addition, GABA treatment significantly displayed higher levels of proline, endogenous GABA accumulation, phenolic contents, and total antioxidant activity than the nontreated papaya. The results suggested that GABA treatment may be a useful approach to improving the chilling tolerance of papaya fruit by reducing oxidative stress and enhancing the defense system.
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1 Introduction

Papaya (Carica papaya L.) fruit is cultivated and consumed worldwide in tropical and subtropical regions. It contains vitamins A and C, thiamine, riboflavin, polyphenolic compounds, and carotenoids (Parven et al., 2020). The main carotenoids in papaya are β-carotene, β-cryptoxanthin, and lycopene. However, papaya is a typical climacteric fruit, and its ripening is accompanied by a high respiration rate and ethylene production that leads to rapid pulp softening and sudden biochemical changes (Gao et al., 2020). All these changes affect the quality and shelf life of papaya fruit during storage and transportation. These postharvest losses adversely affect the grower’s income and the papaya fruit industry. Therefore, low-temperature storage is one of the best practices to maintain quality and slow down the biochemical and physiological processes of papaya fruit. Unfortunately, papaya fruit is very vulnerable to chilling temperatures when kept below 10°C (Wu et al., 2019). Papaya fruit shows chilling injury symptoms such as water soaking, surface pitting, shriveling of peel, internal browning, flesh mealiness, and poor aroma and flavor, which leads to a short storage life and lower fruit quality (Pan et al., 2019).

Two main hypotheses were suggested to elucidate the effect of low temperatures on chilling-sensitive plants. The first assumption states that the cell membrane is the main site for chilling injury development (Liang et al., 2020). The biophysical structure of the cell membrane changes under low-temperature stress, which may cause decreased fluidity, loss of membrane function, and deactivation of membrane-bound enzymes, ultimately destroying the membrane (Wolfe, 1978). Lipid peroxidation induces the solidification of saturated fatty acids and increases the ratio of sterol/phospholipid, enhancing membrane fluidity (Marangoni et al., 1996). This reveals that changes in the physical properties of cell membranes are temperature-dependent, and during low-temperature stress, these induced changes can be reversed before irreparable damage to the cell membrane occurs. The second assumption describes that during chilling stress, plants have been shown to produce higher levels of reactive oxygen species (ROS) that comprise hydrogen peroxide, hydroxyl radical, and superoxide anion (Valenzuela et al., 2017). ROS are the main cause of lipid peroxidation, and this leads to cellular disorders and the manifestation of chilling injury symptoms (Liang et al., 2020). Plants have two defense systems to scavenge ROS. The first is antioxidant compounds such as ascorbate, glutathione, vitamin A, phenolics, and anthocyanins. The second system is composed of antioxidant enzymes like APX, CAT, GR, and SOD. In response to oxidative stress, plants raise their enzymatic and nonenzymatic antioxidant defense systems to moderate the severe effects of stress caused by ROS (Li et al., 2019).

A lot of postharvest methods have been developed to maintain the quality and regulate chilling injury of various fruits, including edible coatings (Mendy et al., 2019), low- and high-temperature conditioning (Jin et al., 2014), modified atmosphere (Liang et al., 2020), and elicitors, including exogenous methyl jasmonate (Cao et al., 2010; Chen et al., 2021), melatonin (Mirshekari et al., 2020), nitric oxide (Wang et al., 2016), oxalic acid (Li et al., 2014), and glycine betaine (Luo et al., 2022). All these techniques have played an effective role in reducing chilling injury and maintaining the quality of fruits, but the efficiency of these methods depends on the cultivar, preharvest factors, storage temperature, and duration of storage (Zou et al., 2014). In addition, these methods have limitations due to complicated operations, high energy consumption, chemical residues, and high investment. Modified atmosphere storage is an efficient technique to reduce chilling injury in fruits; however, it changes the gas composition, resulting in undesirable effects like off-flavor and anaerobic respiration. Therefore, it is necessary to discover simple, inexpensive, safe, and efficient approaches to mitigate the chilling injury to papaya fruit. The activation of resistance mechanisms through physical or chemical treatment is attracting great attention for maintaining fruit quality and reducing oxidative damage (Ding et al., 2019).

γ-Aminobutyric acid is a non-protein amino acid and is involved in many physiological processes as a signaling molecule. GABA is a natural compound that regulates oxidative stress responses such as drought, heat, ultraviolet irradiation, and chilling (Ramos-Ruiz et al., 2019). GABA is considered to be involved in the activation of defense mechanisms, induction of nitrate transport, pollen tube growth, cell elongation, anti-chilling protection, and advancement of plant growth and development (Rastegar et al., 2020). GABA is associated with numerous physiological processes like the regulation of cytosolic pH, carbon flux into the tricarboxylic acid cycle, redox status, osmoregulation, and energy production (Ramos-Ruiz et al., 2019). The evidence revealed that GABA treatment inhibited the synthesis of saturated fatty acids and the accumulation of ROS and triggered the antioxidant defense system (Aghdam et al., 2016).

GABA is synthesized through a GABA shunt pathway, which consists of the three enzymes GABA transaminase, glutamate decarboxylase (GAD), and succinic semialdehyde dehydrogenase. GAD activity is primarily responsible for the accumulation of GABA, which contributed to the improvement of chilling tolerance in fruits stored in cold storage (Shang et al., 2011). Through the increase of GAD activity and the regulation of GABA-T activity, exogenous GABA treatment may influence the GABA shunt pathway during cold storage, resulting in GABA accumulation that may help as an adaptive defense mechanism against chilling stress. In addition to participating in the regulation of osmotic balance and enhancing stress tolerance, proline accumulates in plants during chilling stress (Wang et al., 2014). Proline plays a key role in the prevention of chilling injury because higher proline concentrations under chilling stress lead to higher chilling tolerance. Due to increased GAD, pyrroline-5-carboxylate synthetase (P5CS), and ornithine δ-aminotransferase (OAT) activity during storage, proline contents increased in peach fruit during storage. A reduced proline dehydrogenase (PDH) activity is correlated with an increase in proline contents because PDH is the rate-limiting mitochondrial enzyme that catalyzes proline into glutamic acid (Shang et al., 2011). Therefore, treated fruits with higher proline levels and increased GAD activity respond more actively to chilling stress, and their accumulation increases the ability of fruits to improve chilling tolerance during storage.

GABA treatments increased resistance to chilling stress in several fruits, such as peaches (Shang et al., 2011; Yang et al., 2011), bananas (Wang et al., 2014), citrus (Sheng et al., 2017), and pears (Li et al., 2019). It was reported that GABA treatment induced the accumulation of proline contents, activated antioxidant enzymes, and maintained cellular membrane integrity (Malekzadeh et al., 2017). The exogenous application of GABA has similar effects as the endogenous molecule, enabling plants to cope with stress conditions. However, no report is available for the GABA treatment of the chilling injury to papaya fruit. For the first time, the present work provides an innovative insight into the role of exogenous GABA treatment in the regulation of the GABA-shunt pathway by activating proline metabolism and GAD activity in papaya fruit. Therefore, the objectives of this study were to investigate the crucial role of GABA in mediating the resistance mechanism, oxidative stress tolerance, and antioxidant defense system of papaya fruit during low-temperature storage.




2 Materials and methods



2.1 Fruit materials and treatment

Papaya fruit was harvested at the physiologically mature stage from an orchard located in Uthal, Balochistan, Pakistan. After harvest, all fruit were shifted to the laboratory within 1 h. Harvested fruits with uniform size, maturity, color, smooth surface, no disease symptoms or cracks, and free from mechanical damage were selected for the experiment. Based on our preliminary study, GABA was tested at different concentrations; however, 1 mM to 5 mM GABA treatments were found safe and had no adverse effect on papaya. The fruits were divided into three groups of 90 fruits each, and each replicate contained 30 fruits. The first and second groups were immersed in 1 mM and 5 mM GABA solution, respectively, for 5 min. The third group was dipped in distilled water for 5 min and served as a control. Each treatment was replicated three times. All the fruits were then air dried for 1 h and stored at 4°C (80%–90% RH) for 5 weeks. The biochemical observations were measured at 0, 1, 2, 3, 4, and 5 weeks of cold storage. The chilling injury index, internal browning, and electrolyte leakage were determined after 4 h of the sample transferred from cold storage. The flesh tissues of the fruit sample were taken and stored at −80°C (Ultra Low-Temperature Freeze, DW-HL528S, China) for subsequent analysis.




2.2 Measurement of chilling injury and internal brown index

The chilling injury (CI) index was assessed after 4 h of the sample being transferred from cold storage. The chilling injury symptoms were assessed visually on the fruit surface. The chilling injury was measured on each fruit using a five-point scale from 0 to 4: 0 = no symptoms; 1 = trace injury (1%−20%); 2 = slight injury (20%−40%); 3 = moderate injury (40%−60%); and 4 = severe injury (>60%). The chilling injury was estimated using the following formula: CI index = Σ[(CI ranking) × (number of fruit at CI ranking)]/(total number of fruit × highest CI ranking) × 100.

The internal browning (IB) index was measured in the mesocarp area based on the total browning symptoms using the following subjective scale: 0 = no browning; 1 = browning area ranging from 1% to 20%; 2 = browning area ranging from 20% to 40%; 3 = browning area ranging from 40% to 60%; 4 = browning area >60%. The internal browning index was assessed using the following formula: IB index = Σ[(IB ranking) × (number of fruit at IB ranking)]/(total number of fruit × highest IB ranking) × 100.




2.3 Electrolyte leakage

Electrolyte leakage (EL) was determined according to the method of Khaliq et al. (2016) with slight modifications. Using a cork borer with a 10-mm diameter, 15 discs (4 mm thick) of papaya flesh were excised from the middle part of the fruit. The discs were put in 25 mL of deionized water and shaken constantly for 30 min. Electrolyte leakage (L0) in the solution was assessed using a conductivity meter (BANTE, DDS 12DW, USA). The discs were then placed in a boiling water bath for 15 min. After cooling, the electrolyte leakage (L1) was remeasured. The results were then estimated using the following formula: EL (%) = (L0/L1) × 100.




2.4 Malondialdehyde content

The MDA content was measured according to the method described by Dhindsa et al. (1981). Using a refrigerated centrifuge D3024R, USA, one gram of sample tissue was homogenized with 3 mL of 5% (w/v) trichloroacetic acid before being centrifuged at 12,000×g for 20 min at 4°C. Afterwards, 2.5 mL of 0.5% thiobarbituric acid was mixed with the supernatant (1.5 mL). The reaction solution was heated in boiling water for 30 min and then centrifuged at 10,000×g for 10 min. The absorbance was measured at 532 nm, 600 nm, and 450 nm using a UV/Vis spectrophotometer (T80, UK). The results were expressed as micromoles per kilogram of fresh weight (FW).




2.5 Determination of hydrogen peroxide

Hydrogen peroxide was determined following the method of Patterson et al. (1984). Two grams of sample tissue was homogenized with 5 mL of ice-cold acetone and centrifuged at 10,000×g for 15 min at 4°C. One milliliter of the supernatant was mixed with 0.2 mL of concentrated ammonia and 0.1 mL of 5% titanium sulfate. The peroxide–titanium complex was precipitated. The precipitate was mixed with 4 mL of 2 M sulfuric acid and then centrifuged at 3,000×g for 10 min. The absorbance was measured at 415 nm. A standard curve was constructed with H2O2 at concentrations ranging from 10 μM to 100 μM, and the results were expressed as millimoles per kilogram of FW.




2.6 Endogenous GABA content and GAD activity

The GABA content was measured following the method of Hu et al. (2015). One gram of fruit sample was mixed with 3 mL of 0.05 M lanthanum chloride, and the mixture was centrifuged for 5 min at 12,000×g at 4°C. Afterward, the supernatant was added with 200 μL of 2 M potassium hydroxide and again centrifuged for 5 min at 12,000×g at 4°C. Consequently, 400 μL of supernatant was mixed with 600 μL of 0.05 M phosphate buffer (pH 10), 5% NaOCl, and 200 µL of 6% concentrated phenol in boiling water for 10 min. Subsequently, 100 μL of 60% alcohol was added to the reaction mixture. The absorbance at 645 nm was monitored using a spectrophotometer. The GABA content was quantified with a standard curve constructed using known amounts of GABA and expressed as milligrams per kilogram of FW.

For GAD enzyme extraction, 2 g of sample tissue was added to 5 mL of extraction Tris-HCl (0.1 M, pH 9.1) buffer containing 10% glycerol, 0.5 mM of pyridoxal phosphate, 1 mM of phenylmethylsulfonyl fluoride, 1 mM of dithiothreitol, and 5 mM of ethylene diamine tetraacetic acid. The mixture was centrifuged at 12,000×g for 20 min at 4°C, and the resulting supernatant was used for GAD determination. The activity of the GAD enzyme was assayed according to the method of Deewatthanawong et al. (2010). The enzyme assay contained 0.1 M of potassium phosphate buffer (pH 5.8), 40 μM of pyridoxal phosphate, and 3 mM of l-glutamic acid. The reaction was ended by adding 0.1 mL of 0.5 M hydrochloric acid. GAD activity was expressed as units per gram per hour of fresh weight.




2.7 Proline content

The proline content was determined following the method of Shang et al. (2011). In brief, 1 g of fruit sample was homogenized with 5 mL of 3% (v/v) sulfosalicylic acid and centrifuged at 12,000×g for 10 min at 4°C. Two milliliters of the supernatant was added to 3 mL of ninhydrin reagent and 2 mL of glacial acetic acid and boiled at 100°C for 1 h. After cooling, 4 mL of toluene was added to the reaction mixture. The absorbance was recorded at 520 nm. A standard curve was constructed using a known concentration of proline, and the results were expressed as milligrams per kilogram of FW.




2.8 Extraction and assays of antioxidant enzyme

For enzyme extraction, 5 g of flesh samples was homogenized in 10 mL of ice-cold extraction sodium phosphate buffer (100 mM, pH 7.5) containing 2% PVPP and 1 mM ethylene diamine tetraacetic acid. The mixture was centrifuged at 12,000×g for 20 min at 4°C, and the resulting supernatant was used for the enzyme assay.

CAT activity was measured according to the method of Zhang et al. (2013). CAT activity was expressed as units per gram per minute. GR activity was analyzed following the method of Ding et al. (2007). GR activity was expressed as units per gram per minute. APX activity was determined following the method of Zhang et al. (2013). APX activity was expressed as units per gram per minute. Superoxide dismutase (SOD) activity was analyzed according to the method of Zhang et al. (2013). SOD activity was expressed as units per gram per hour.




2.9 PAL and PPO activity

PAL activity was assayed following the method of Nguyen et al. (2003). Five grams of sample tissue from the pulp was homogenized in 10 mL of sodium borate buffer (100 mM, pH 8.8) containing 1% PVPP and 5 mM β-mercaptoethanol. The homogenate was centrifuged at 13,000×g for 20 min at 4°C, and the resulting supernatants were collected for the enzyme assay. PAL activity was expressed as units per gram per minute. PPO activity was assayed following the protocol of Nguyen et al. (2003). Five-gram sample tissue was mixed with 10 mL of phosphate buffer (100 mM, pH 7.8) and 1% PVPP. The mixture was then centrifuged at 13,000×g for 20 min at 4°C. The supernatant was used for the PPO enzyme assay. PPO activity was expressed as units per gram per minute.




2.10 PLD and LOX enzyme activity

The activities of PLD and LOX enzymes were measured in accordance with the procedure outlined by Aghdam et al. (2016). One unit of PLD was defined as the quantity of enzyme required to catalyze the synthesis of 1 nmol d-nitrophenol h−1. One unit of LOX was defined as the amount of enzyme that induced an increase in absorption of 0.01 min−1 at 234 nm.




2.11 Measurement of total phenolics and antioxidant activity

Total phenolic contents were estimated following the Folin-Ciocalteu reagent method as described by Farina et al. (2020). The content of total phenols was expressed in terms of grams of gallic acid equivalents per kilogram of sample fresh weight, using gallic acid as a standard. The free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging method was assessed to quantify the total antioxidant activity according to Rastegar et al. (2020). DPPH scavenging activity was expressed as a percent.




2.12 Statistical analysis

A two-level factorial completely randomized design (CRD) with three replications was used in this study. Using SAS software, data on the effects of GABA treatment on the biochemical and physiological characteristics of papaya fruit were analyzed. The Fisher’s least significant differences (LSD) test was used for post-hoc analysis. All model parameters were tested at p < 0.05 for significance level.





3 Results



3.1 Chilling injury and internal browning

The chilling injury index of papaya increased after 2 weeks of storage in both GABA-treated and control fruit. However, this increasing trend was postponed when fruit was subjected to GABA treatment. The chilling injury index was significantly reduced in papaya fruit treated with 1 mM or 5 mM GABA compared to the control (Figure 1A). The most effective result was observed in fruit at a concentration of 5 mM GABA treatment. The internal browning appeared after 2 weeks of storage, and afterward, it continuously increased in both control and GABA-treated fruit over the rest of the storage period (Figure 1B). The exogenous application of GABA treatment efficiently inhibited the development of internal browning, which is a typical chilling injury symptom in papaya fruit. GABA treatments not only resulted in a lower chilling injury from 2 to 5 weeks but also inhibited the increase in internal browning during the whole storage period compared to the control fruit (Figure 2).




Figure 1 | Chilling injury (A), internal browning (B), electrolyte leakage (C), and MDA (D) of papaya fruit treated with GABA during storage at 4°C for 5 weeks. Vertical bars represent the standard error of the means for three replicates. Means with different letters show significant differences.






Figure 2 | Peel and pulp appearance of papaya fruit treated with GABA during storage at 4°C for 1, 3, and 5 weeks.






3.2 Electrolyte leakage

Cell membrane integrity can be measured by electrolyte leakage. Electrolyte leakage increased over the entire storage period, irrespective of the GABA treatments (Figure 1C). After 5 weeks of storage, electrolyte leakage in papaya fruit treated with 1 mM or 5 mM GABA was 29% and 52% lower, respectively, than the control fruit.




3.2 MDA content

The increased production of MDA reflects oxidative deterioration and damage to cell membranes. The amount of MDA increased with increasing the storage period. However, the exogenous application of GABA led to a reduction of lipid peroxidation (Figure 1D). The lowest level of MDA was observed in fruit treated with 5 mM GABA during the entire storage period.




3.4 Hydrogen peroxide

Chilling injury is an oxidative physiological disorder that induces a significant production of ROS, including hydrogen peroxide, and this leads to lipid peroxidation. Excess production of H2O2 involves substantial damage to cell membrane stability. Lipid peroxidation caused by ROS generation is revealed by the deterioration of the cell membrane. The control fruit’s H2O2 level was significantly higher than that of the GABA-treated fruit (Figure 3A). After being stored for 5 weeks, papaya fruit treated with 1 mM or 5 mM GABA had H2O2 levels that were 46% and 67% lower, respectively, than those in the control fruit.




Figure 3 | H2O2 (A), GABA content (B), GAD activity (D), and proline content (C) in papaya fruit treated with GABA during storage at 4°C for 5 weeks. Vertical bars represent the standard error of the means for three replicates. Means with different letters show significant differences.






3.5 GABA content and GAD activity

Throughout the whole storage period, the amount of endogenous GABA in the control and fruit treated with 1 mM or 5 mM GABA gradually increased. After 5 weeks of storage, the GABA-treated fruit had considerably more GABA than the control fruit (Figure 3B). The control fruit showed the lowest endogenous GABA content throughout the storage time. In contrast, the endogenous GABA content of papaya fruit treated with 1 mM or 5 mM GABA was 44% and 48% higher, respectively, than that of the control group after 5 weeks of storage. Exogenous application of GABA treatment potentially affected GAD enzyme activity. Initially, the activity of the GAD enzyme increased from the first week to the third week in both treated and untreated fruit and then declined until the end of cold storage (Figure 3C). However, for the entire storage period, papaya fruit treated with 1 mM or 5 mM GABA significantly maintained higher GAD activity compared to control fruit.




3.6 Proline content

Proline content of treated and untreated fruit increased until the first 3 weeks of storage and then declined. The proline content was 34% and 54% higher in fruit subjected to 1 mM or 5 mM GABA, respectively, than the control after storage for 5 weeks (Figure 3D).




3.7 Antioxidant enzyme activities

Both treated and untreated papaya fruit initially had higher CAT activity during the first 2 weeks, which then steadily decreased until the end of the storage period (Figure 4A). However, this declining rate was more obvious in the control fruit. Papaya fruit treated with 1 mM or 5 mM GABA substantially maintains a high level of CAT activity. GR plays a key role against ROS in the defense system and actively takes part in the ascorbate-glutathione (ASH-GSH) cycle. The results showed that GR activity was positively affected by GABA treatment (Figure 4B). Firstly, GR activity increased in all papaya fruit, reached its peak after 2 weeks of storage, and then progressively declined during the rest of the storage period. GR activity in papaya fruit treated with 1 mM or 5 mM GABA was 32% and 64% higher, respectively, than the control fruit at 5 weeks of storage period.




Figure 4 | Activities of CAT (A), GR (B), APX (C), and SOD (D) in papaya fruit treated with GABA during storage at 4°C for 5 weeks. Vertical bars represent the standard error of the means for three replicates. Means with different letters show significant differences.



In both GABA-treated and control fruit, APX activity increased during the first 2 weeks, then dropped until the end of the storage period (Figure 4C). However, this decreasing rate was more prominent in the control fruit. Papaya fruit treated with 1 mM or 5 mM GABA enhanced APX activity more than that in the control fruit. SOD is considered one of the most important defense-related enzymes and crucial for the detoxification of ROS during stress conditions. Exogenous application of GABA treatment (1 mM or 5 mM) maintained a higher level of SOD activity than that in the control fruit over the entire storage period (Figure 4D).




3.8 PAL and PPO activity

Up to 3 weeks of storage, PAL activity in the GABA-treated and control fruit increased gradually; thereafter, it dropped until the end of the storage period (Figure 5A). Compared with the control fruit, papaya fruit treated with 1 mM or 5 mM GABA triggered PAL activity during the whole storage time. PPO activity gradually increased over the course of 4 weeks in both the GABA-treated and control groups (Figure 5B). After that, it slightly declined in control and fruit treated with 1 mM GABA. The PPO activity of papaya fruit treated with 1 mM or 5 mM GABA was 21% and 50% lower, respectively, than that of the control group after 5 weeks of storage, which indicated that GABA could limit PPO activity during storage.




Figure 5 | Activities of PAL (A), PPO (B), PLD (C), and LOX (D) in papaya fruit treated with GABA during storage at 4°C for 5 weeks. Vertical bars represent the standard error of the means for three replicates. Means with different letters show significant differences.






3.9 PLD and LOX enzyme activity

PLD activity increased with an increase in the storage period. However, papaya fruit treated with GABA reduced the PLD activity (Figure 5C). For the whole storage period, fruit exposed to 5 mM GABA showed the lowest level of PLD activity. After being stored for 5 weeks, papaya fruit treated with 1 mM or 5 mM GABA may have reduced the LOX activity compared to the control fruit (Figure 5D), which demonstrates that GABA may be able to restrict LOX activity during storage.




3.10 Total phenolics and antioxidant activity

Over the first 3 weeks of storage, phenolic contents steadily increased in all papaya fruit but thereafter decreased (Figure 6A). However, over the entire storage period, the GABA treatment (1 mM or 5 mM) preserved higher levels of total phenolic contents than the control fruit. The DPPH-radical scavenging activity of GABA-treated fruit reached its peak after 3 weeks of storage and then steadily decreased (Figure 6B). However, the highest DPPH activity peak was observed in the control fruit after 2 weeks of storage. The DPPH activity was 26% and 67% higher in fruit exposed to 1 mM or 5 mM GABA, respectively, than the control after storage for 5 weeks.




Figure 6 | Total phenolics (A) and DPPH (B) in papaya fruit treated with GABA during storage at 4°C for 5 weeks. Vertical bars represent the standard error of the means for three replicates. Means with different letters show significant differences.







4 Discussion

The present results indicated that GABA treatments (1 mM or 5 mM) improved the chilling tolerance of papaya fruit during low-temperature storage. The symptoms of chilling injury on the fruit surface and internal browning were clearly inhibited in treated papaya fruit. Similar evidence has been observed in other fruits treated with GABA, such as peach (Shang et al., 2011), banana (Wang et al., 2014), and cucumber (Malekzadeh et al., 2017). The correlation between chilling injury and defense system-related indices of papaya fruit was performed using Pearson correlation analysis. In this study, proline and DPPH were positively correlated with chilling injuries. However, a negative correlation was observed between chilling injury and GABA, GAD, CAT, GR, APX, SOD, and phenolics (Table 1). Exogenous application of GABA enhanced tolerance to chilling stress and improved the GABA shunt pathways in many fruits (Ramos-Ruiz et al., 2019). The cell membrane is the first line of defense to protect the cell during stress. The primary event that happens during chilling stress is the destruction of the plasma membrane (Mditshwa et al., 2023). When chilling-sensitive plants are subjected to low-temperature stress, the cell membrane modifies from a flexible structure to a rigid one, and this could cause cracks and leakage of water, ions, and metabolites (Wolfe, 1978). Under cold stress, changes in cell membrane structure have an effect on membrane fluidity and performance (Liang et al., 2020). Electrolyte leakage is used as a parameter for the assessment of cell membrane stability and permeability. Degradation of cell membrane structure occurs by changing the proportion of unsaturated/saturated fatty acids and the increasing level of electrolyte leakage (Marangoni et al., 1996). The involvement of GABA in maintaining cell membrane integrity and fluidity has been widely studied. For example, GABA treatments improved cold tolerance in blood orange and pear fruits by protecting cell membrane structure (Habibi et al., 2019; Li et al., 2019). GABA treatment may inhibit electrolyte leakage and subsequently maintain cell membrane integrity in treated papaya fruit.


Table 1 | Pearson correlation coefficients between chilling injury and defense system-related indices of papaya fruit during storage.



MDA is a byproduct of lipid peroxidation and a stress marker for oxidative cell damage. Peroxidation of cell membrane lipids is one of the primary biochemical signs of chilling injury, and increased MDA generation is a sign that the cell membrane has been damaged (Khaliq, 2015; Ramos-Ruiz et al., 2019). The degradation of lipids and peroxidation of unsaturated fatty acids are the major reasons for membrane breakdown. MDA is the final product of peroxidation that determines membrane deterioration and oxidative damage in response to stress. The main causes of membrane breakdown are lipid degradation and unsaturated fatty acid peroxidation. MDA is responsible for oxidative damage and membrane degradation in response to stress. Evidence has shown that the increased accumulation of MDA and ion leakage is closely associated with chilling stress in plants (Ding et al., 2007). An increase in ion leakage and MDA has been observed in many fruits and vegetables suffering from chilling injury (Valenzuela et al., 2017). Recent studies have revealed that elicitors like nitric oxide, melatonin, and methyl jasmonate inhibited the occurrence of chilling injury and regulated stress responses in various horticultural crops, including banana (Wang et al., 2016), sapota (Mirshekari et al., 2020), and pomegranate (Chen et al., 2021). The same behavior has been found in cornelian cherry fruit, where GABA treatment postponed MDA accumulation and electrolyte leakage (Rabiei et al., 2019). These results indicated that ion leakage and lipid peroxidation intensified the manifestation of chilling injury in control fruit. However, papaya fruit treated with GABA may lessen membrane lipid breakdown and solute leakage, improving the fruit’s ability to adapt to low-temperature stress.

Both regular cell metabolism and numerous biotic and abiotic stress conditions result in the production of ROS (Hilal et al., 2023). ROS plays a dual role as both beneficial and harmful, depending on their concentration in plant cells. Low concentrations of ROS function as a secondary messenger in signaling transduction pathways that mediate numerous physiological responses in plants (Apel and Hirt, 2004). However, the disproportionate production of ROS during stress can perturb cell homeostasis and even lead to cell death (Aghdam et al., 2016). Therefore, it is necessary to maintain balanced levels of ROS within a certain range to ensure normal cell metabolism. During chilling stress, overproduction of ROS causes oxidative damage to chloroplasts, mitochondria, and apoplast and decreases the activities of antioxidant enzymes, thus destroying the membrane system, causing metabolic disorders, and ultimately leading to cell lysis (Blokhina et al., 2003). Several evidences have shown that chilling injury in fruits can be partly attributed to the imbalance production of ROS during stress. Chilling stress increases ROS levels that stimulate lipid peroxidation and eventually result in the destruction of cell membranes (Mohammadrezakhani et al., 2019). ROS increases the peroxidation of membrane lipids and oxidative damage by producing hydroxyl radicals (Malekzadeh et al., 2017). GABA treatment decreased the accumulation of H2O2 and enhanced the cold adaptation mechanism in blood orange, pear, and anthurium cut flowers (Habibi et al., 2019; Li et al., 2019; Mahjoory et al., 2019). In the present experiment, the trend of H2O2 was similar to the results of Rabiei et al. (2019), where cornelian cherry fruit was treated with GABA. These results demonstrated that GABA treatment apparently delayed H2O2 in treated fruit. Hence, the results suggest that GABA may scavenge H2O2 and other ROS, resulting in less oxidative damage in treated papaya fruit.

In response to biotic and abiotic stresses, plants’ endogenous GABA content was found to increase. The biosynthetic pathways of GABA were improved through the exogenous GABA shunt by the provision of carbon skeletons and energy (Ramos-Ruiz et al., 2019). GABA plays a crucial part in several pathways by controlling the generation of ROS, increasing energy status, and enhancing the activities of antioxidant enzymes against stresses (Li et al., 2019). The cytosolic enzyme GAD is mainly responsible for the biosynthesis of endogenous GABA (Sheng et al., 2017). Several studies reported that endogenous GABA accumulation increased in fruits treated with GABA, like cucumber and pear (Malekzadeh et al., 2017; Li et al., 2019). Papaya fruit improves low-temperature tolerance by enhancing the activities of energy metabolism-related enzymes like GAD (Pan et al., 2019). The GAD enzyme was increased in peach and banana fruits by improving the endogenous GABA content (Shang et al., 2011; Ali et al., 2022). Aghdam et al. (2016) reported that the GABA shunt pathway might be a potent mechanism for enhancing chilling tolerance in fresh produce. In this study, the exogenous GABA treatment could be one of the reasons that induced the GABA-shunt pathway by stimulating GAD enzyme activity in treated papaya fruit.

Proline is the main amino acid that is responsible for membrane stabilization, free-radical scavenging activity, and cellular osmotic regulation in plants. Proline plays an important role during stress and positively contributes to stress responses, such as chilling injuries. Mohammadrezakhani et al. (2019) reported that exogenous proline treatment reduced the deleterious effects of oxidative stress in citrus fruit by activating antioxidant enzyme activities. Proline has a strong role in the mediation of chilling tolerance by regulating defense responses. In plants, pyrroline-5-carboxylate synthetase and ornithine δ-aminotransferase enzymes are responsible for the biosynthesis of proline. Peach fruit treated with GABA enhanced proline content due to increased activity of pyrroline-5-carboxylate synthetase and ornithine δ-aminotransferase enzymes (Shang et al., 2011). Elevated proline content under the regulation of proline metabolism may be linked with chilling stress resistance, as reported in oxalic acid-treated mango fruit (Li et al., 2014) and litchi fruit (Liu et al., 2020). The effect of GABA on regulating the proline content has been observed in several fruits stored under low-temperature stress. Proline content was improved in GABA-treated papaya. Therefore, treated fruit indicated a higher chilling tolerance, which could be partly connected with the induced proline content. These results agree with those of Shang et al. (2011) and Wang et al. (2014), who reported a higher content of proline in peach and banana fruits treated with GABA.

Plant cells contain an enzymatic defense system against the overproduction of ROS during biotic and abiotic stresses (Blokhina et al., 2003). The antioxidant enzymes, e.g. CAT, APX, GR, and SOD are the primary constituents of the defense system that protect fruits against ROS (Apel and Hirt, 2004). Generally, when fruits are exposed to chilling stress, the activities of antioxidant enzymes, including CAT, GR, APX, and SOD, may be induced. Antioxidant enzymes actively participate in the defense mechanism. GR and APX are the key components of the ascorbate-glutathione cycle and play a crucial role in scavenging ROS (Yang et al., 2011). Catalase is an essential antioxidant enzyme for scavenging ROS during stress. CAT is the main part of a defense system that directly dismutases H2O2 into water and oxygen (Rabiei et al., 2019). SOD plays a protective role and detoxifies free radicals during stress. SOD catalyzes the superoxide anion to H2O2, and that H2O2 can be scavenged by APX or CAT. Generally, under low-temperature stress, the increased activities of antioxidant enzymes are correlated with chilling tolerance. The higher activity of antioxidant enzymes in mango, peach, and papaya fruits was positively related to the acquisition of chilling tolerance (Ding et al., 2007; Yang et al., 2011; Shadmani et al., 2015). It was reported that GABA has an essential role in reducing biotic and abiotic stress, regulating metabolic processes, and increasing chilling tolerance (Aghdam et al., 2016). It was known that endogenous GABA concentrations quickly accumulated in response to chilling stress in peach, citrus, and sapota fruits, and the increased level of GABA was involved in cold adaptation mechanisms (Shang et al., 2011; Mohammadrezakhani et al., 2019; Mirshekari et al., 2020). These findings support the idea of Malekzadeh et al. (2017), who found that cucumbers treated with GABA increased resistance to chilling stress by stimulating the activities of antioxidant enzymes. These results can be clarified by the evidence that GABA treatment could enhance the antioxidant enzyme activities, which in turn could scavenge the excess production of ROS and thus protect the papaya fruit from oxidative damage.

PAL is considered a biochemical marker that induces resistance mechanisms in fruits and vegetables during low-temperature stress. PAL activity is increased in response to low-temperature stress in orange fruit (Habibi et al., 2019). PAL is the major enzyme responsible for the biosynthesis of phenols (Nguyen et al., 2003). PAL activity is positively correlated with the phenylpropanoid pathway (Sun et al., 2020). The phenylpropanoid pathway has been involved in the production of phenols such as lignin, hydroxycinnamic acids, flavonoids, isoflavonoids, and coumarins (Anthony et al., 2023). These phenolic metabolites are implicated in the defense system and antioxidant activity. In this study, the stimulation of PAL activity through the application of GABA treatment could be associated with the increased production of metabolites that would help increase chilling tolerance in papaya fruit. PPO is the main enzyme responsible for the flesh and peel browning of fruits and vegetables. Peeling and flesh browning are the prominent symptoms of chilling injury during storage at low temperatures. The major cause of fruit and vegetable browning is the oxidation of phenol by the PPO (Nguyen et al., 2003). Under stress conditions, the PPO enzyme oxidizes monophenol to diphenol and again oxidizes diphenol to quinones, and these react with proteins or amino acids, which results in brown pigmentation (Valenzuela et al., 2017). The increased activity of PPO is closely linked to the advanced chilling injury symptoms in pomegranate stored at low-temperature stress (Chen et al., 2021). It has been reported that exogenous GABA treatments reduced the PPO activity in blood orange (Habibi et al., 2019). The reduced activity of PPO in papaya fruit treated with GABA indicates that it is connected to a low incidence of chilling injury.

During senescence and stress, the activity of PLD increases, which causes membrane breakdown. PLD initiates the hydrolysis of lipids under salt and chilling stresses (Mirshekari et al., 2020). A lipolytic cascade causes membrane damage as PLD and LOX are critical for the breakdown of phospholipids (Bargmann et al., 2009). LOX plays an essential role in the oxidative breakdown of membrane lipids. LOX activity enhances lipid unsaturation and membrane fluidity (Malekzadeh et al., 2017). The stimulation of PLD and LOX results in irreparable membrane destruction and eventually the manifestation of chilling injury (Aghdam et al., 2016). These findings imply that PLD and LOX may contribute to the development of chilling symptoms in papaya fruit. GABA treatments improve chilling tolerance in papaya fruit by reducing the activity of PLD and LOX enzymes. Thus, it can be inferred that GABA treatment may be an innovative approach to reducing papaya fruit oxidative damage during low-temperature storage due to its reducing effects on PLD and LOX enzyme activity.

Phenolic contents have antioxidant properties and scavenge reactive oxygen species. Phenolic compounds retain the nutritive qualities of fruits and vegetables, for example, flavor, color, bitterness, and astringency (Rastegar et al., 2020). Phenolic compounds present in fruits reveal their physiological role and involvement in antioxidant capacity. The Folin–Ciocalteu method is commonly used for the quantitative investigation of total phenolic content in fruits and vegetables. Phenolic contents in untreated fruit first increased and then decreased with the storage period, although GABA treatments induced the increase in phenolic content. A number of studies showed that postharvest treatments reduced the loss of phenolic content and stimulated antioxidant activity in various fruits during cold storage (Hanif et al., 2020; Khaliq et al., 2021). It was reported that GABA treatment detoxified ROS, triggered DPPH-radical scavenging capacity, and retained the phenolic content of banana fruit (Wang et al., 2014). Similarly, GABA treatment reduced the loss of phenolic content and enhanced DPPH-radical scavenging activity in mango fruit (Rastegar et al., 2020). Phenolic content and DPPH-radical scavenging activity first increased and then declined in papaya fruit during storage (Mendy et al., 2019). There are different kinds of nonenzymatic antioxidant compounds that could contribute to the total antioxidant capacity. However, it is not clear which constituents are mainly responsible for increasing antioxidant activity. In this work, the chilling injury was accompanied by higher flesh browning in the control fruit, which might have happened due to phenol oxidation. GABA treatments can postpone the oxidation of phenolics by preventing the commencement of oxidizing chain reactions. The increased accumulation of phenolics in GABA-treated papaya fruit may enhance antioxidant capacity, consequently inhibiting ROS accumulation and improving chilling tolerance.




5 Conclusions

The present results demonstrated that GABA treatment played a vital role in improving the chilling tolerance of papaya fruit by inducing a defense system and reducing oxidative damage. The exogenous application of GABA treatment reduced lipid peroxidation, ion leakage, H2O2, PPO, PLD, and LOX activity. Additionally, the accumulation of proline, endogenous GABA, and total phenolics may be beneficial for maintaining plasma membrane fluidity and integrity. These findings help us better understand the involvement of GABA in the chilling tolerance of papaya stored at low-temperature stress. Therefore, the exogenous GABA treatment is a nontoxic technique to maintain the nutritional value and quality of papaya fruit.
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Low temperature is a type of abiotic stress affecting the tomato (Solanum lycopersicum) growth. Understanding the mechanisms and utilization of exogenous substances underlying plant tolerance to cold stress would lay the foundation for improving temperature resilience in this important crop. Our study is aiming to investigate the effect of exogenous glycine betaine (GB) on tomato seedlings to increase tolerance to low temperatures. By treating tomato seedlings with exogenous GB under low temperature stress, we found that 30 mmol/L exogenous GB can significantly improve the cold tolerance of tomato seedlings. Exogenous GB can influence the enzyme activity of antioxidant defense system and ROS levels in tomato leaves. The seedlings with GB treatment presented higher Fv/Fm value and photochemical activity under cold stress compared with the control. Moreover, analysis of high-throughput plant phenotyping of tomato seedlings also supported that exogenous GB can protect the photosynthetic system of tomato seedlings under cold stress. In addition, we proved that exogenous GB significantly increased the content of endogenous abscisic acid (ABA) and decreased endogenous gibberellin (GA) levels, which protected tomatoes from low temperatures. Meanwhile, transcriptional analysis showed that GB regulated the expression of genes involved in antioxidant capacity, calcium signaling, photosynthesis activity, energy metabolism-related and low temperature pathway-related genes in tomato plants. In conclusion, our findings indicated that exogenous GB, as a cryoprotectant, can enhance plant tolerance to low temperature by improving the antioxidant system, photosynthetic system, hormone signaling, and cold response pathway and so on.
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Introduction

Cold stress is a significant environmental factor that has a detrimental impact on plant growth and productivity (Liu et al., 2012; Ré et al., 2017). When exposed to low temperature, plants undergo physiological and biochemical responses, including the production of reactive oxygen species (ROS), inhibiting photosynthesis and changes in osmotic solutes (Lu et al., 2020; Rahman et al., 2023; Xu et al., 2023). In order to survive under cold stress, plant activates cold response signals and transduction to regulatory networks which initiates multiple responses, including physiological and biochemical responses (Ding et al., 2020). These responses include hormone metabolism and signal transduction, synthesis of various protective compounds (e.g., proline and soluble sugars), enhancement of antioxidant capacity, changes in stabilization of membrane systems, and improvement of cold tolerance (Zhang et al., 2022).

Using multiple exogenous cryoprotectants to enhance plant’s tolerance to cold stress is an effective way (Román-Figueroa et al., 2021). The latest research indicates that the regulation mechanisms of cryoprotectants in plants to cold stress are complex processes, including efficiently scavenging ROS, the production of osmotic agents, activation of cold regulating (COR) genes, and so on (Jahed et al., 2023). Exogenous melatonin application improves the cold tolerance of strawberry seedlings by stimulating the expression of downstream genes in the DREB/CBF-COR pathway (Hayat et al., 2022). Moreover, the application of exogenous hormone has a positive effect (Larkindale and Huang, 2005). Abscisic acid (ABA) can increase tolerance to drought and cold stress by decreasing water loss and activating downstream signaling (Heidari et al., 2021a). Brassinosteroids(BRs) can improve the plant heat tolerance in the regulation of ROS metabolism through the expression of many antioxidant genes that enhance the activity of antioxidant enzymes (Ogweno et al., 2008).Additionally, plant secondary metabolites have been found to reduce damage from abiotic stress, such as proline, soluble sugars and so on (Kumar et al., 2011). Therefore, the study of improving plant cold resistance with exogenous substances has important practical production application value.

Glycine betaine (GB) is one of the well-known stress protectants (Park et al., 2006; Yao et al., 2018; Shemi et al., 2021). The accumulation of GB produced by exogenous or transgenic applications can induce the expression of certain stress-responsive genes, including those for enzymes that scavenge reactive oxygen species (Chen and Murata, 2011). CodA gene, which encodes a choline oxidase to catalyze the conversion of choline to GB, was transferred into tomato that normally does not accumulate GB. These transgenic plants had accumulated GB and are more tolerant of chilling stress than their wild-type counterparts (Park et al., 2004).Previous studies have revealed that application of exogenous GB enhances the ability to combat abiotic stresses in crops (Khalid et al., 2022). Exogenous-applied GB can improve drought tolerance in wheat during reproductive growth stages (Shemi et al., 2021). Transcriptome analysis showed it improved the plant growth through up-regulating osmoprotection, increasing net photosynthetic rate and the catalase activity, decreasing ion leakage and protecting the antioxidant defense system (Khalid et al., 2022). In tomato, exogenous GB increases the seed germination by reducing ROS formation, altering the contents of metabolites and plant hormones (Zhang et al., 2022).

Tomato is amongst the most widely cultivated vegetables, and it is highly sensitive to chilling stress (Liu et al., 2020a). In this research, we applied exogenous GB to the seedlings to evaluate the impact of GB on the cold stress during the tomato seedling stage. We evaluated the following parameters: high-throughput plant phenotyping, chlorophyll-related parameters and hormone levels, as well as the gene expression related to low temperature response. This study aims to uncover the regulatory mechanism of exogenous GB on the chilling tolerance of tomato seedlings and identified exogenous substances that regulate plant cold tolerance-related genes in order to understand their expression patterns.





Materials and methods




Plants and growth conditions

The material NRP20 used in this experiment is a cold-sensitive species obtained from Shanghai Academy of Agricultural Sciences. Tomato seedlings were grown in greenhouse in controlled conditions (18-h light/6-h dark cycles, 25°Cday/18°C night. And 60% relative humidity) and were treated using exogenous GB (containing 0.01% Tween-20 surfactant) one time at the four-leaf stage in order to do different experiments. Different concentrations of GB, 20 mmol/L, 30 mmol/L, 40 mmol/L, 50 mmol/L were sprayed one time on tomato seedling groups while the control was sprayed with distilled water, each group with 72 seedlings. The plants grew in the normal temperature in the greenhouse for 24 hours after GB treatment and then were subjected to cold stress (4°C) for observing the phenotype and were selected the most suitable concentration of GB. Based on the previous study, the 30 mmol/L GB solution was selected to pretreat tomato seedlings while the control group was pretreated with distilled water. Under the same culturing conditions as the mentioned above, the seedlings grew at room temperature for 24 hours before undergoing low-temperature treatment for the following experiment. They were used for measuring plant hyperspectral phenotyping, enzyme activities, chlorophyll fluorescence, hormone levels, and the gene expression.





Morphological observation and measurement of tomato seedlings

On the 7th day, the growth status of tomato seedlings from different treatments was observed, and the survival rate and embryonic root length were measured using a vernier caliper (72 independent biological replicates were measured).





Determination of antioxidant enzyme activities and DAB chemical staining

Leaves (5th from cotyledon) under GB and water treatment were harvested at different time points according to experimental requirements. The levels of proline content, MDA content,H2O2 content,O2·- content superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activities were measured using an enzyme-linked immunosorbent assay (ELISA). Each measurement was performed in triplicate, and the detection methods were performed according to the instructions from Suzhou Kemi Biotechnology Co., Ltd. Tomato seedlings at the same developmental stage were selected for 3-diaminobenzidine (DAB) staining. The 5th leaves were immediately placed in a DAB solution (pH 3.8, 1mg/ml) and subjected to vacuum infiltration until the leaves sank to the bottom. The stained leaves were then incubated at 28°C for 6-10h, during which a dark red precipitate was observed. The stained leaves were subsequently subjected to a series of washes in 95% ethanol, followed by boiling water for 10 minutes, and then subjected to three cycles of washing in 85%, 70%, and 50% ethanol solutions. Finally, the stained leaves were photographed using a camera.





Plant hyperspectral phenotyping

The tomato seedlings was placed on a black light-absorbing background cloth in a darkroom, and a hyperspectral imaging system was used to obtain hyperspectral images of the tomato seedlings. In the environment for visualizing images (ENVI) software, the decision tree classification method was used to separate each tomato seedling area from the background in the hyperspectral image, and the chemical properties of the plant were quantitatively measured at the individual plant level. The average spectral reflectance data of all pixel reflectance in the pure tomato seedling image area were calculated as its spectral reflectance data. The partial least squares discriminant analysis (PLS-DA) was used to analyze the spectral reflectance differences of WR and GR, WL and GL tomato seedlings before and after processing. PLS-DA was used to establish a relationship model between spectral parameters and sample categories to achieve sample category prediction and establish a reliable mathematical model to summarize and generalize the spectral characteristics of the research object. The parameters of the PLS-DA evaluation model are explanatory rate of the model for the X matrices (R2X), explanatory rate of the model for the Y matrices (R2Y), and prediction ability of the model (Q2). The spectral reflectance of each tomato seedling was used to calculate normalized difference vegetation index (NDVI), structure insensitive pigment index (SIPI), carotenoid reflectance index 1 (CRI1), carotenoid reflectance index 2 (CRI2), pigment specific normalized difference a (PSNDa) and pigment specific normalized difference b (PSNDb), which were closely related to the plant physiology (Blackburn, 1998; Gitelson et al., 2002; Vásquez et al., 2018; Rasheed et al., 2020).





Measurement of chlorophyll fluorescence and P700 parameters

The chlorophyll fluorescence imaging system (WALZ, IMAG-MAX/L) was used to observe and analyze the photosynthetic system of tomato leaves at the same location, measure the chlorophyll fluorescence and P700 oxidation-reduction state of the leaves. Before measurement, tomato seedlings were dark-adapted for 15 minutes. The maximum photochemical efficiency of photosystem II (PSII) after dark adaptation (Fv/Fm), the non-photochemical quenching coefficient (NPQ), the apparent photosynthetic electron transport rate (ETR) of PSII, and the photochemical quenching coefficient (qP) were determined by measuring the fluorescence intensity emitted by the PSII antenna during light energy conversion, obtaining information on the operation of PSII. Six leaves at the same location of each treatment were randomly selected, and three points were randomly selected for each leaf, avoiding the veins.





Extraction and determination of plant hormones ABA and GA

The contents of ABA and GA of the samples at different time (0, 24, 48, and 72h) after chilling treatment were determined to use an enzyme-linked immunosorbent assay (ELISA) supplied by China Agricultural University (Zhang et al., 2022). Six independent biological replicates were tested.





RNA extraction and real-time quantitative PCR

Total RNA was extracted from tomato seedling leaves at different time points (0, 1, 2, and 12h) after chilling treatment by the Biospin Plant Total RNA Extraction Kit (Hangzhou Bioer Technology Co., Ltd.). The RNA extraction process followed our laboratory’s experimental protocol (Zhang et al., 2022). The extracted RNA was reverse transcribed by the HiScript II One Step RT-PCR Kit (Novogene Corporation) to obtain cDNA. The EIF gene was used as an internal reference gene, and qRT-PCR analysis was performed using the Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix (Shanghai Yisheng Biological Technology Co., Ltd.). Each reaction was performed in triplicate, and the relative expression levels were calculated by 2-△△CT method. The primer design was conducted using Primer5 software (see ST1).





Statistical analysis

Data were processed with Excel, and statistical analysis was performed with SPSS 22.0 (IBM Corp., Armonk, NY, USA) with a significant level of P < 0.05 (Zhang et al., 2022). GraphPad Prism 8 (GraphPad Software, Inc., USA) was used for data visualization. Phenotypic observations were recorded using a Canon camera.






Results




Exogenous application of GB promotes the cold stress tolerance of tomato seedlings

Tomato plants were subjected to water treatment and GB treatment and placed them at 4°C for 7 days. We then performed a phenotypic analysis of the overall growth status and leaf wilting degree of the tomato seedlings. As shown in Figure 1A, after 7 days of cold treatment, the leaves of the tomato plants treated with water had withered, while the plants treated with GB appeared good growth compared to the water-treated plants (Figure 1A). We subsequently measured the root length of the tomato plants with a vernier caliper and calculated their survival rates. The results demonstrated that after cold treatment, the root diameter of the tomato plants treated with water became thinner, and the root length was significantly shorter. In contrast, the survival rates of the tomato plants treated with GB (20mmol/L, 30mmol/L, 40mmol/L, 50mmol/L) were all significantly increased, while the roots of the seedlings were all longer than control (P < 0.01) (Figures 1C, D). The treatment effect of the 30mmol/L concentration was superior to that of the other concentration (Figure 1B). This suggested that GB treatment exerted a stimulating influence on the development of tomato seedlings under cold stress. Notably, the seedlings showed the best survival rate under the treatment of GB 30mmol/L. Exogenous GB effectively mitigates the detrimental effects of cold stress on the growth and development of tomato seedlings, fostering the growth of both the aerial and subterranean parts of the seedlings, thereby enhancing their morphological architecture.




Figure 1 | Effects of different concentrations of GB on growth of tomato seedlings under cold stress. (A) Tomato seedling phenotype. (B) Seedling root length and growth at day 7. (C) Survival rate of seedlings at day 7. (D) Seedling root length at day 7. In all cases, the asterisk indicated a significant difference among the groups according to Tukey’s test. (**P < 0.01). WL: Tomato seedlings treated with water at low temperature; GL&20: 20mmol/L GB was applied externally at low temperature; GL&30: 30mmol/L GB was applied externally at low temperature. GL&40: 40mmol/L GB was applied externally at low temperature; GL&50: 50mmol/L GB was applied externally at low temperature.







GB treatment enhances ROS scavenging capacity of tomato seedlings under cold stress

When plants suffer cold stress, they induce excessive production of ROS. Leaf phenotypes were observed using DAB histochemical staining and the contents of H2O2 and O2- were measured. The contents of malondialdehyde (MDA) and proline were also measured and compared as indicators of oxidative damage. As shown in Figures 2F–H, there was no obvious difference in the contents of H2O2, O2-, MDA, and proline in tomato plants at room temperature. Cold stress increased excessive production of ROS. in both treatment groups. However, we found that tomato leaves treated with GB had less accumulation of MDA, H2O2, and O2-, while a huge increase in proline content with significant differences at the rate of increase (P < 0.01). In contrast, the WL treatment reached maximum levels of H2O2 and MDA accumulation on the 7th day of cold stress, with a daily decrease in proline content, which reached its lowest value on the 7th day (Figures 2D–H). It indicates that tomato seedlings treated with GB can effectively reduce oxidative stress damage caused by cold stress. Plants initiate protective enzyme systems to scavenge excess ROS and prevent cell damage caused by abiotic stress. At room temperature, no significant differences were discovered among SOD, CAT and POD activities in tomato seedlings. However, the activities of antioxidant enzymes in tomato seedlings were significantly enhanced under cold stress, and the activities of SOD, POD, and CAT were observed to be higher (P < 0.01) than in the GB-treated group compared to the WL treatment group (Figures 2A–C). It indicates that under cold stress, the external application of GB externally enhances the ability of tomato seedlings to scavenge excess ROS by strengthening the enzymatic antioxidant defense system to varying degrees, and the effect is the most significant at a concentration of 30mmol/L.




Figure 2 | Different concentrations of GB on the accumulation of reactive oxygen species (ROS) and the activities of antioxidant enzymes in tomato seedlings at 0, 1, 3, 5 and 7 days of cold treatment (A) SOD activity. (B) POD activity. (C) CAT activity. (D) proline (Pro) content. (E) DAB staining. (F) the accumulation of malondialdehyde (MDA). (G) H2O2 content. (H)O2- content. In all cases, the asterisk indicated a significant among the groups according to Tukey’s test. (**P < 0.01). WR: tomato seedlings treated with water at room temperature; WL: Tomato seedlings treated with water at low temperature; GL&20: 20mmol/L GB was applied externally at low temperature; GL&30: 30mmol/L GB was applied externally at low temperature. GL&40: 40mmol/L GB was applied externally at low temperature; GL&50: 50mmol/L GB was applied externally at low temperature.







Exogenous application of GB enhances the photosynthetic capacity and cold tolerance of tomato seedlings

The photosynthetic system was observed and analyzed by a chlorophyll fluorescence imaging system (WALZ, IMAG-MAX/L) in the same part of tomato leaves. Chlorophyll fluorescence phenotype analysis results showed that the tomato leaves treated with WL were significantly damaged, and the photosystem II (PSII) activity was disrupted. In contrast, tomato plants treated with GB (20mmol/L, 30mmol/L, 40mmol/L, and 50mmol/L) grew well, with no apparent damage (Figure 3A). Subsequently, the data analysis of the fluorescence yield at various points of the OJIP chlorophyll fluorescence kinetics curve of the leaves revealed that the PSII reaction center activity was reduced. Nevertheless, there was almost no difference in the leaves treated with GB at low temperature compared to the control at room temperature, and the leaves appeared a normal physiological phenotype, with the activity of light and PSII significantly improved (Figure 3B). It was found that the application of GB with a concentration of 30mmol/L had the most significant alleviating effect. To further investigate the effects of GB treatment, the chlorophyll fluorescence-related parameters in tomato leaves were measured using the plant efficiency analyzer before and on the sixth day of low-temperature treatment. It shows that the chlorophyll fluorescence-related parameters of the tomato leaves treated with water were all inhibited in photosynthesis. The maximum photochemical efficiency of PSII (Fv/Fm value) decreased significantly (P < 0.01), while that of GL treatment increased significantly compared to WL treatment, indicating that GB treatment helps prevent PSII photo-inhibition caused by cold stress (Figure 3C). In addition, NPQ, ETR (II), and qP increased significantly compared to WL treatment (P < 0.01) (Figures 3D–F). These results suggest that cold stress reduces the capacity of light energy absorption and the oxygen release of PSII. However, external application GB can maintain the stability of PSII under cold stress by dissipating excess light energy through NPQ, which maintains its structural integrity and reduces light damage caused by cold stress. Furthermore, GB treatment helps in improving the rate of photosynthetic electron transfer, enhancing the photochemical activity under cold stress, which protects PSII from light damage.




Figure 3 | Effects of different concentrations of GB on photosynthetic capacity of tomato seedlings under cold stress (A) Chlorophyll fluorescence. (B) Chlorophyll fluorescence kinetic curve (OJIP) (C) Maximum photochemical efficiency of PSII (Fv/Fm). (D) Non-photochemical quenching coefficient (NPQ). (E) Photochemical quenching coefficient (qP). (F) Apparent photosynthetic electron transport rate (ETR). In all cases, the asterisk indicated a significant difference among the groups according to Tukey’s test. (**P < 0.01). WR: tomato seedlings treated with water alone at room temperature; WL: Tomato seedlings treated with water at low temperature; GL&20: 20mmol/L GB was applied externally at low temperature; GL&30: 30mmol/L GB was applied externally at low temperature. GL&40: 40mmol/L GB was applied externally at low temperature; GL&50: 50mmol/L GBe was applied externally at low temperature; GL: Tomato seedlings treated with 30mmol/L GB at low temperature.







Effects of exogenous GB on high-flux plant phenotypes of tomato seedlings under cold stress

A hyperspectral imaging system was used to obtain hyperspectral images of the tomato seedlings (Figure 4A). No significant differences were found in the spectral reflectance in the four treatments before low temperature treatment, as well as between CB treatment and the control for day 6 at normal temperature (Figures 4B, C). Compared with GL treatment, the spectral reflectance of WL treatment was R2Y=0.899 and R2Q=0.86, indicating the significant differences of the spectral reflectance of WL treatment and GL treatment under cold stress. The above results showed that tomato leaves were severely damaged under cold stress, and the external application of GB could significantly alleviate the damage. Additionally, the NDVI value of the low temperature treatment group was lower than that of the control group, indicating that the growth was inhibited. However, the NDVI value of GB treatment group was significantly higher (P < 0.01) than that of low-temperature water treatment (Figure 4D). Carotenoid content, as measured by SIPI, CRI1 and CRI2, showed a positive correlation with growth accumulation. However, the overall carotenoid content of low-temperature treatment group was lower than that of normal temperature group, while the GB treatment group exhibited higher carotenoid content than the low-temperature water treatment group (Figures 4E–G). Chlorophyll a and b content, as measured by PSNDa and PSNDb, respectively, showed significantly higher levels (P < 0.01) in the GB treatment group compared to low-temperature water treatment group (Figures 4H, I). In conclusion, it highlights the significant damage to tomato seedling leaves under cold stress, and demonstrates that the external application of GB can effectively mitigates the detrimental effects of the cold stress.




Figure 4 | Effects of different concentrations of GB applied on high-throughput plant phenotyping of tomato seedlings under cold stress. (A) Acquisition and processing of hyperspectral data. (B) Classification results of PLS-DA model and PLS-DA model of spectral reflectance before low temperature treatment. (C) The spectral reflectance classification results of PLS-DA model and PLS-DA model on the 6th day of low temperature treatment (0.5 was taken as the threshold value, WR and WL categories were set as the value 0, GR and GL categories were set as the value 1, and the y-coordinate was the predicted value of the model for the category values; The closer the predicted value was to the set value, the better classification effect was and the higher distinction between the two categories). (D) NDVI biomass growth status. (E) SIPI. (F) CRI1. (G) CRI2. (H) PSNDa. (I) PSNDb. In all cases, the asterisk indicated a significant difference among the groups according to Tukey’s test (**P < 0.01). WR: tomato seedlings treated with water at room temperature; GR: tomato seedlings treated with 30mmol/L GB at room temperature; WL: Tomato seedlings treated with water at low temperature; GL: Tomato seedlings treated with 30mmol/L GB at low temperature.







The effect of GB on GA and ABA content in tomato seedlings

After cold stress, the GA contents of all plants gradually decreased. As time goes on, the content of GA in the seedlings treated with GB is the lowest (P < 0.01) (Figure 5A) ABA content gradually accumulated in tomato seedlings treated with WL and GL, and the ABA content in tomato plants treated with WL began to decrease at 48h of stress, inhibiting ABA compound synthesis. On the contrary, the ABA content in tomato seedlings treated with GL significantly increased compared to WL treatment (P < 0.01) (Figure 5B), with an increase of 138.1%, 32.4%, and 97.6% at 24, 48, and 72h of treatment, respectively, and the ABA synthesis pathway was activated, reaching its peak at 72h of cold stress.




Figure 5 | Effects of different concentrations of GB on plant hormone levels in tomato seedlings under cold stress (A) GA content (B) ABA content. In all cases the asterisk indicates a significant difference among the groups according to Tukey’s test (*P < 0.05, **P < 0.01, *** P < 0.001). WR: tomato seedlings treated with water alone at room temperature; GR: tomato seedlings treated with 30mmol/L GB at room temperature; WL: Tomato seedlings treated with water at low temperature; GL: Tomato seedlings treated with 30mmol/L GB at low temperature.







Effects of GB on cold-regulated genes expression in tomato seedlings

To further explore the molecular mechanisms of GB on the cold tolerance of tomato seedlings, we analyzed the expression levels of cold-regulated genes under cold stress. Our results showed that the expression levels of SlGRAS4, ICE1, SlCBF3, Lox2, and ZAT12 in tomato plants treated with GB were significantly up-regulated (P < 0.01) compared to those treated with water, reaching their maximum levels after 1h, 12h, 2h, 1h, and 12h of cold stress, respectively (Figure 6A). However, the expression of SlCBF1 and SlCBF2 genes was not detected due to their low abundance. SlGRAS4 which plays an important role in tomato cold resistance was also tested and found to be regulated. At the same time, it was also found that the gene expression level in the SlGRAS4 pathway including antioxidant capacity (SlPOD, GPX/GST, Glut, and SlAPX), calcium signaling pathways (Cal-ATPase and Cam), photosynthesis (Rubsico), and energy metabolism (PEPCK and MDH), has changed as shown in Figure 6B. Our results demonstrated that during cold stress, the expression levels of genes associated with antioxidant capacity (SlPOD, GPX/GST, SlAPX, and Glut), photosynthesis (Rubsico), and energy metabolism (PEPCK and MDH) in tomato plants treated with GB were significantly up-regulated compared to those treated with water (P < 0.01). The expression of calcium signaling pathways genes (Cal-ATPase and Cam), was notably significantly up-regulated in GL-treated plants compared to WL-treated plants (P < 0.01). Moreover, we measured the expression levels of Pirin, TBN1, and SBT3 which associated with programmed cell death (PCD) and found that the expression levels of three PCD genes were elevated in tomato plants treated with water, reaching their highest levels after 12h of cold stress. Instead, the expression of these three PCD genes was significantly down-regulated (P < 0.01) in tomato plants treated with GB, showing significant differences (Figure 6C). Our results indicate that low temperature leads to the expression of genes related to PCD, and GB treatment can mitigate the extent of PCD under cold stress, thereby enhancing the cold tolerance of tomato seedlings.




Figure 6 | Effect of GB treatment on cold regulation genes expression in tomato seedlings under cold stress. (A) Cold regulatory genes SlICE1, SlCBF3, SlGRAS4, Los2, ZAT12. (B) Genes involved in antioxidant capacity (SlPOD, GPX/GST, SlAPX,Glut), calcium signaling pathways (Cal-ATPase) and calmodulin-binding protein (Cam), photosynthesis (Rubsico), energy metabolism (PEPCK) and MDH. (C) Genes related to programmed cell death (Pirin, TBN1, and SBT3). The bar is represented as the average of three repeated calculations. In all cases, an asterisk indicated a significant difference among the groups according to Tukey’s test (*P < 0.05, **P < 0.01, *** P < 0.001, **** P < 0.0001). WR: tomato seedlings treated with water alone at room temperature; GR: tomato seedlings treated with 30mmol/L GB at room temperature; WL: Tomato seedlings treated with water at low temperature; GL: Tomato seedlings treated with 30mmol/L GB at low temperature.








Discussion

Cold stress is well-known in affecting plant growth and development, resulting in suppressed seed germination, impaired growth, compromised reproductive capacity, reduced crop and yield and quality (Wang et al., 2022). Tomato shows high sensitivity to low temperature at all stages during growth. The use of exogenous agents in agricultural production can enhance cold tolerance, promote growth, and increase crop yield. The application 24-epi-brassinolide (EBR) on tomato seedling induced oxidative stress and changed the content of endogenous phytohormones under low-temperature (Heidari et al., 2021b). In our previous study, exogenous GB was found to successfully enhance the seed germination rate under cold stress (Zhang et al., 2022). Here, the appropriate exogenous GB was also found to effectively mitigate the effects of cold stress on tomato seedlings and significantly improve the survival rate.

Cold stress induces physiological and biochemical changes including photosynthesis, respiration, and ROS, including O2- and H2O2 (Hayat et al., 2022). To counteract the detrimental effects of ROS, plants activate protective enzyme systems, including SOD, POD, and CAT to reduce oxidants and regulate cellular homeostasis (Hasanuzzaman et al., 2020; Kamran et al., 2020). In this study, the accumulation of H2O2 in the leaves appeared altered by different treatment under low temperature. The tomato seedling treated with GB had significantly lower levels of H2O2, O2-, and MDA, as while as higher level of SOD, POD, and CAT than water-treated tomato seedling under cold stress (Figure 2). In addition, we also analyzed the gene expression levels of SlPOD, GPX/GST, SlAPX, and Glut, which is involved in antioxidant activity regulation. Their expression was significantly up-regulated after treatment of exogenous GB under cold stress compared with the control. The accumulation of proline has also been substantiated to enhance plant resistance (Hayat et al., 2012). We also found the proline content, which was reported to reduce lipid peroxidation and acts as an antioxidant to overcome the oxidative stress created by cold stress (Heidari et al., 2021b), was also significantly increased. Collectively, it can be inferred that exogenous GB can serve as a cryoprotectant to regulate the cold tolerance of plants by activating the enzymatic antioxidant defense system to scavenge excess ROS and alleviate the inhibitory effects of chilling stress.

Plant photosynthesis as a crucial process in plants is highly susceptible to temperature. PSII is recognized as the main component inhibited by temperature stress, while chlorophyll a fluorescence transient has been widely used to study PSII performance in plants under environmental stresses (Devacht et al., 2011; Yan et al., 2013; Kalisz et al., 2016). In our study, the expression of Rubsico, the photosystem-related gene, was significantly up-regulated with exogenous GB treatment under cold stress The photoinhibition of PSII in tomato plants treated with exogenous GB was effectively alleviated (Figure 3). Fv/Fm, ETR, and qP in PSII chlorophyll fluorescence were significantly increased, while the value of NPQ was decreased, indicating reduced energy dissipation and enhanced electron transfer activity. Our findings revealed that exogenous cryoprotectants can maintain the stability of PSII under cold stress, maintaining its photochemical activity and enhancing the rate of photosynthetic electron transfer.

In recent years, plant phenomics offers a suite of new technologies to investigate crop breeding and to environmental responses (Pasala and Pandey, 2020; Wang et al., 2023). High-throughput plant phenotyping approaches are developing rapidly and are already helping to bridge the genotype phenotype gap (Hall et al., 2022). Recently, the use of an automated high-throughput phenotyping platform to analyze the dynamics of maize growth provides a valuable tool for molecular design breeding and predicting maize varieties with ideal plant architectures (Wang et al., 2023). Here, we analyzed the effect of GB on tomato seedlings under cold stress using the high-throughput phenotyping tools. Our finding revealed that GB could significantly alleviate the damage caused by low temperature and keep the normal growth and development of seedlings for image analysis. Our high-throughput phenotype data is consistent with other molecular, physiological and metabolic characteristics. Taken together, combining plant phenomics with other methods is a novel approach for dissecting plants characteristics under low temperature stress, which will be useful for studying the mechanisms of abiotic stress in crops.

Phytohormones play central roles in the ability of plants to adapt to changing environments by regulating growth, development, nutrient allocation, and source/sink transitions (Peleg and Blumwald, 2011). The ABA signaling pathway and other hormonal interactions have been identified as crucial roles in enabling plants to respond to various abiotic stresses (Peleg and Blumwald, 2011; Finkelstein, 2013; Rezaul et al., 2019). On the other hand, the balance between GA and ABA mediates plant developmental processes in conferring stress resistance (Vishal and Kumar, 2018). ABA positively regulates transcriptional control and metabolomics alterations enhanced tolerance to cold when maize encountered extreme temperatures (Guo et al., 2021). Under low-temperature conditions, DELLA proteins, as the negative transcription factor in GA pathway, are components of the CBF1-mediated cold stress response and promote plant adaptation to cold stress in rice (Achard et al., 2008). In this study, tomato seedlings treated with GB exhibited higher ABA and less GA levels compared to those in the water treatment group. Consequently, the changing of GA and ABA levels after GB treatment may ultimately enhance the survival and adaptability of tomato plants under cold stress. These results further indicated that the cross-talk between plant hormones plays a crucial role in the response of plants to abiotic stress.

Cold-induced second messengers such as Ca2+ signal and ROS activate the expressions of cold-responded genes. OsCNGC9, a cyclic nucleotide-gated channel, positively regulates the cold-induced calcium influx and cytoplasmic calcium elevation to enhance chilling tolerance in rice (Wang et al., 2021). In the current study, the expressions of Cal-ATPase and Cam involved in calcium signaling pathway were significantly up-regulated under cold stress. Previous studies have revealed that the CBF/DREB1-dependent transcriptional regulatory pathway is essential for plant responses to cold stress (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000; Shi et al., 2018). The expression of CBFs rapidly induced by various transcription factors, such as ICE1 and GRAS4 under cold stress (Chinnusamy et al., 2003; Kim et al., 2015; Liu et al., 2020b). However, the RNA-seq results of leaf tissues under cold stress showed differences in the gene expression, alternative splicing events, and miRNA between two tomato species with different cold tolerance capacities (Chen et al., 2015). In our study, we have observed significant up-regulation of cold response pathway-related genes, including SlCBF3, SlICE1, SlLos2, SlGRAS4 and SlZAT12, after exposure to cold stress. While, SlCBF1 and SlCBF2 genes showed no detectable expression levels. The above results suggested that CBF genes were involved in responses to cold stress, but their functions differ little in tomato and GB also probably controls COR genes through a CBF-dependent pathway in tomato in response to low-temperature stress. Both abiotic and biotic stressors can trigger programmed cell death (PCD) (Lee et al., 2014; Wang et al., 2015). PCD-related genes including Pirin, TBN1, SBT3, play important roles for proper growth, development and biotic/abiotic stress in plants (Orzaez et al., 2001; Koval et al., 2013; Buono et al., 2019). We observed a significant upregulation of the three PCD genes (Pirin, TBN1, SBT3) under WL treatment, while PCD genes were significantly down-regulated after GL treatment. In plants, PCD is a part of the defense responses against environmental stresses (Locato and De Gara, 2018). Overall, changes in the expression patterns of PCD related genes indicate that plant PCD is involved in tomato response to cold stress.





Conclusion

Low temperature is a major limiting factor for the growth and reproduction of crop. Using certain exogenous cryoprotectants to enhance crop tolerance to temperature stress is one of the effective ways to protect plant development and agricultural production. This study investigated the effect of exogenous GB on tomato cold sensitive species under cold stress. A working model illustrated the role and complex mechanism of GB to enhance tomato tolerance under cold stress (Figure 7). Exogenous GB activates the expression of different genes expression. which in turn regulates its target metabolism and signaling pathways, leading to enhanced cold tolerance. The results depicted that GB regulated the expression of antioxidant system, photosynthetic system, calcium signaling, energy metabolism-related and low temperature pathway-related genes and so on in tomato plants. Moreover, GB application increased the content of antioxidant enzymes to reduce ROS and protected the photosynthetic system under cold stress. GB treatment could increase the content of proline, ABA and decrease the content of MDA, GA in response to low-temperature stress. In conclusion, GB, as a cryoprotectant, can improve the growth of tomato seedlings under cold stress through complex biological processes and multifaceted mechanism.




Figure 7 | A mechanism diagram shows the mechanism of cold stress tolerance in tomato seedlings mediated by GB. Exogenous GB not only regulates antioxidant system, osmotic regulation, hormone levels, light and system II stability; It also enhances cold tolerance in tomato by regulating signal networks to activate stress-responsive genes.







Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

TD: Writing – original draft, Writing – review & editing. SB: Writing – original draft, Writing – review & editing. LH: Writing – original draft, Writing – review & editing. LL: Writing – original draft, Writing – review & editing. YYZ: Writing – original draft, Writing – review & editing. YCZ: Writing – original draft, Writing – review & editing. WZ: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was funded by grants from National Key Research and Development Program of China (grant no. 2023YFD1201504) and the Natural Science Foundation of Shanghai (22ZR1455100).




Acknowledgments

Due to space limitations, we apologize to our colleagues whose important work are not cited in this review.





Conflict of interest 

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer CL declared a shared affiliation with the author YCZ to the handling editor at the time of review.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1332583/full#supplementary-material




References

 Achard, P., Gong, F., Cheminant, S., Alioua, M., Hedden, P., and Genschik, P. (2008). The cold-inducible CBF1 factor-dependent signaling pathway modulates the accumulation of the growth-repressing DELLA proteins via its effect on gibberellin metabolism. Plant Cell. 20, 2117–2129. doi: 10.1105/tpc.108.058941

 Blackburn, G. A. (1998). Spectral indices for estimating photosynthetic pigment concentrations: A test using senescent tree leaves. Int. J. Remote Sensing. 19, 657–675. doi: 10.1080/014311698215919

 Buono, R. A., Hudecek, R., and Nowack, M. K. (2019). Plant proteases during developmental programmed cell death. J. Exp. Bot. 70, 2097–2112. doi: 10.1093/jxb/erz072

 Chen, H. Y., Chen, X. L., Chen, D., Li, J., Zhang, Y., and Wang, A. (2015). A comparison of the low temperature transcriptomes of two tomato genotypes that differ in freezing tolerance:Solanum lycopersicum and Solanum habrochaites. BMC Plant Biol. 15, 132. doi: 10.1186/s12870-015-0521-6

 Chen, T. H., and Murata, N. (2011). Glycinebetaine protects plants against abiotic stress: mechanisms and biotechnological applications. Plant Cell Environ. 34, 1–20. doi: 10.1111/j.1365-3040.2010.02232.x

 Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B. H., Hong, X., Agarwal, M., et al. (2003). ICE1: A regulator of cold-induced transcriptome and freezing tolerance in Arabidopsis. Genes Dev. 17, 1043–1054. doi: 10.1101/gad.1077503

 Devacht, S., Lootens, P., Baert, J., Waes, J. V., Bockstaele, E. V., and Roldán-Ruiz, I. (2011). Evaluation of cold stress of young industrial chicory (Cichorium intybus L.) plants by chlorophyll a fluorescence imaging. I. Light induction curve. Photosynthetica 49, 161–171. doi: 10.1007/s11099-011-0015-1

 Ding, Y., Shi, Y., and Yang, S. (2020). Molecular regulation of plant responses to environmental temperatures. Mol. Plant 13, 544–564. doi: 10.1016/j.molp.2020.02.004

 Finkelstein, R. (2013). Abscisic Acid synthesis and response. Arabidopsis Book. 11, e166. doi: 10.1199/tab.0166

 Gilmour, S. J., Sebolt, A. M., Salazar, M. P., Everard, J. D., and Thomashow, M. F. (2000). Overexpression of the Arabidopsis CBF3 transcriptional activator mimics multiple biochemical changes associated with cold acclimation. Plant Physiol. 124, 1854–1865. doi: 10.1104/pp.124.4.1854

 Gitelson, A. A., Zur, Y., Chivkunova, O. B., and Merzlyak, M. N. (2002). Assessing carotenoid content in plant leaves with reflectance spectroscopy. Photochem. Photobiology. 75, 272–281. doi: 10.1562/0031-8655(2002)0750272ACCIPL2.0.CO2

 Guo, Q., Li, X., Niu, L., Jameson, P. E., and Zhou, W. (2021). Transcription-associated metabolomic adjustments in maize occur during combined drought and cold stress. Plant Physiol. 186, 677–695. doi: 10.1093/plphys/kiab050

 Hall, R. D., D'Auria, J. C., Silva Ferreira, A. C., Gibon, Y., Kruszka, D., and Mishra, P. (2022). High-throughput plant phenotyping: a role for metabolomics? Trends Plant Sci. 27, 549–563. doi: 10.1016/j.tplants.2022.02.001

 Hasanuzzaman, M., Bhuyan, M. H. M. B., Parvin, K., Bhuiyan, T. F., Anee, T. I., Nahar, K., et al. (2020). Regulation of ROS metabolism in plants under environmental stress: A review of recent experimental evidence. Int. J. Mol. Sci. 21, 8695. doi: 10.3390/ijms21228695

 Hayat, S., Hayat, Q., AlYemeni, M. N., Wani, A. S., Pichtel, J., and Ahmad, A. (2012). Role of proline under changing environments. Plant Signaling behavior. 7, 1456–1466. doi: 10.4161/psb.21949

 Hayat, F., Sun, Z., Ni, Z., Iqbal, S., Xu, W., Gao, Z., et al. (2022). Exogenous Melatonin Improves Cold Tolerance of Strawberry (Fragaria × ananassa Duch.) through Modulation of DREB/CBF-COR Pathway and Antioxidant Defense System. Horticulturae 8, 194. doi: 10.3390/horticulturae8030194

 Heidari, P., Entazari, M., Ebrahimi, A., Ahmadizadeh, M., Vannozzi, A., Palumbo, F., et al. (2021b). Exogenous EBR ameliorates endogenous hormone contents in tomato species under low-temperature stress. Horticulturae 7, 84. doi: 10.3390/horticulturae7040084

 Heidari, P., Reza Amerian, M., and Barcaccia, G. (2021a). Hormone profiles and antioxidant activity of cultivated and wild tomato seedlings under low-temperature stress. Agronomy 11, 1146. doi: 10.3390/agronomy11061146

 Jaglo-Ottosen, K. R., Gilmour, S. J., Zarka, D. G., Schabenberger, O., and Thomashow, M. F. (1998). Arabidopsis CBF1 overexpression induces COR genes and enhances freezing tolerance. Science 280, 104–106. doi: 10.1126/science.280.5360.104

 Jahed, K. R., Saini, A. K., and Sherif, S. M. (2023). Coping with the cold: unveiling cryoprotectants, molecular signaling pathways, and strategies for cold stress resilience. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1246093

 Kalisz, A., Jezdinsk, A., Pokluda, R., Skara, A., and Gil, J. (2016). Impacts of chilling on photosynthesis and chlorophyll pigment content in juvenile basil cultivars. Horticulture Environ. Biotechnol. 57, 330–339. doi: 10.1007/s13580-016-0095-8

 Kamran, M., Parveen, A., Ahmar, S., Malik, Z., Hussain, S., Chattha, M. S., et al. (2020). An overview of hazardous impacts of soil salinity in crops, tolerance mechanisms, and amelioration through selenium supplementation. Int. J. Mol. Sci. 21, 148. doi: 10.3390/ijms21010148

 Khalid, M., Rehman, H. M., Ahmed, N., Nawaz, S., Saleem, F., Ahmad, S., et al. (2022). Using exogenous melatonin, glutathione, proline, and glycine betaine treatments to combat abiotic stresses in crops. Int. J. Mol. Sci. 23, 12913. doi: 10.3390/ijms232112913

 Kim, Y. S., Lee, M., Lee, J. H., Lee, H. J., and Park, C. M. (2015). The unified ICE-CBF pathway provides a transcriptional feedback control of freezing tolerance during cold acclimation in Arabidopsis. Plant Mol. Biol. 89, 187–201. doi: 10.1007/s11103-015-0365-3

 Koval, T., Lipovová, P., Podzimek, T., Matoušek, J., Dušková, J., Skálová, T., et al. (2013). Plant multifunctional nuclease TBN1 with unexpected phospholipase activity: structural study and reaction-mechanism analysis. Acta Crystallographica: Section D (Wiley-Blackwell). 69, 213–226. doi: 10.1107/S0907444912043697

 Kumar, S., Kaur, R., Kaur, N., Bhandhari, K., Kaushal, N., Gupta, K., et al. (2011). Heat-stress induced inhibition in growth and chlorosis in mungbean (Phaseolus aureus Roxb.) is partly mitigated by ascorbic acid application and is related to reduction in oxidative stress. Acta Physiologiae Plantarum. 33, 2091–2101. doi: 10.1007/s11738-011-0748-2

 Larkindale, J., and Huang, B. (2005). Effects of abscisic acid, salicylic acid, ethylene and hydrogen peroxide in thermotolerance and recovery for creeping bentgrass. Plant Growth Regulation. 47, 17–28. doi: 10.1007/s10725-005-1536-z

 Lee, S., Lee, H. J., Huh, S. U., Paek, K. H., Ha, J. H., and Park, C. H. (2014). The Arabidopsis NAC transcription factor NTL4 participates in a positive feedback loop that induces programmed cell death under heat stress conditions. Plant Science. 227, 76–83. doi: 10.1016/j.plantsci.2014.07.003

 Liu, T., Jiao, X., Yang, S., Zhang, Z., Ye, X., Li, J., et al. (2020a). Crosstalk between GABA and ALA to improve antioxidation and cell expansion of tomato seedling under cold stress. Environ. Exp. Botany. 180, 104228. doi: 10.1016/j.envexpbot.2020.104228

 Liu, H., Ouyang, B., Zhang, J., Wang, T., Li, H., Zhang, Y., et al. (2012). Differential modulation of photosynthesis, signaling, and transcriptional regulation between tolerant and sensitive tomato genotypes under cold stress. PloS One 7, e50785. doi: 10.1371/journal.pone.0050785

 Liu, Y., Shi, Y., Zhu, N., Zhong, S., Bouzayen, M., and Li, Z. (2020b). SlGRAS4 mediates a novel regulatory pathway promoting chilling tolerance in tomato. Plant Biotechnol. J. 18, 1620–1633. doi: 10.1111/pbi.13328

 Locato, V., and De Gara, L. (2018). Programmed cell death in plants: an overview. Methods Mol. Biol. 1743, 1–8. doi: 10.1007/978-1-4939-7668-3_1

 Lu, J., Wang, Z., Yang, X., Wang, F., Qi, M., Li, T., et al. (2020). Cyclic electron flow protects photosystem I donor side under low night temperature in tomato. Environ. Exp. Botany. 177, 104151. doi: 10.1016/j.envexpbot.2020.104151

 Ogweno, J. O., Song, X. S., Shi, K., Hu, W. H., Mao, W. H., Zhou, Y. H., et al. (2008). Brassinosteroids alleviate heatinduced inhibition of photosynthesis by increasing carboxylation efficiency and enhancing antioxidant systems in Lycopersicon esculentum. J. Plant Growth Regul. 27, 49–57. doi: 10.1007/s00344-007-9030-7

 Orzaez, D., de Jong, A. J., and Woltering, E. J. (2001). A tomato homologue of the human protein PIRIN is induced during programmed cell death. Plant Mol. Biol. 46, 459–468. doi: 10.1023/a:1010618515051

 Park, E. J., Jeknic, Z., and Chen, T. H. (2006). Exogenous application of glycinebetaine increases chilling tolerance in tomato plants. Plant Cell Physiol. 47, 706–714. doi: 10.1093/pcp/pcj041

 Park, E. J., Jeknić, Z., Sakamoto, A., DeNoma, J., Yuwansiri, R., Murata, N., et al. (2004). Genetic engineering of glycinebetaine synthesis in tomato protects seeds, plants, and flowers from chilling damage. Plant J. 40, 474–487. doi: 10.1111/j.1365-313X.2004.02237.x

 Pasala, R., and Pandey, B. B. (2020). Plant phenomics: High-throughput technology for accelerating genomics. J. Biosci. 45, 111. doi: 10.1007/s12038-020-00083-w

 Peleg, Z., and Blumwald, E. (2011). Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin. Plant Biol. 14, 290–295. doi: 10.1016/j.pbi.2011.02.001

 Rahman, M. A., Song, Y., Hasan, M. M., Jahan, M. S., Siddiqui, M. H., Park, H. S., et al. (2023). Mechanistic basis of silicon mediated cold stress tolerance in alfalfa (Medicago sativa L.). Silicon 16, 1057–1069. doi: 10.1007/s12633-023-02697-9

 Rasheed, F., Delagrange, S., and Lorenzetti, F. (2020). Detection of plant water stress using leaf spectral responses in three poplar hybrids prior to the onset of physiological effects. Int. J. Remote Sensing. 41, 5127–5146. doi: 10.1080/01431161.2020.1727052

 Ré, M. D., Gonzalez, C., Escobar, M. R., Sossi, M. L., Valle, E. M., and Boggio, S. B. (2017). Small heat shock proteins and the postharvest chilling tolerance of tomato fruit. Physiologia Plantarum. 159, 148–160. doi: 10.1111/ppl.12491159

 Rezaul, I. M., Baohua, F., Tingting, C., Weimeng, F., Caixia, Z., Longxing, T., et al. (2019). Abscisic acid prevents pollen abortion under high-temperature stress by mediating sugar metabolism in rice spikelets. Physiol. Plant 165, 644–663. doi: 10.1111/ppl.12759

 Román-Figueroa, C., Bravo, L., Paneque, M., Navia, R., and Cea, M. (2021). Chemical products for crop protection against freezing stress: A review. J. Agron. Crop Sci. 207, 391–403. doi: 10.1111/jac.12489

 Shemi, R., Wang, R., Gheith, E. S. M. S., Hussain, H. A., Cholidah, L., Zhang, K., et al. (2021). Role of exogenous-applied salicylic acid, zinc and glycine betaine to improve drought-tolerance in wheat during reproductive growth stages. BMC Plant Biol. 21, 574. doi: 10.1186/s12870-021-03367-x

 Shi, Y., Ding,,. Y., and Yang, S. (2018). Molecular regulation of CBF signaling in cold acclimation. Trends Plant Sci. 23, 623–637. doi: 10.1016/j.tplants.2018.04.002

 Vásquez, C., Inostroza, L., and Acuña, H. (2018). Phenotypic variation of cold stress Resistance-Related traits of white clover populations naturalized in patagonian cold environments. Crop Science. 58, 1132–1144. doi: 10.2135/cropsci2017.07.0460

 Vishal, B., and Kumar, P. P. (2018). Regulation of seed germination and abiotic stresses by gibberellins and abscisic acid. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.00838

 Wang, W., Guo, W., Le, L., Yu, J., Wu, Y., Li, D., et al. (2023). Integration of high-throughput phenotyping, GWAS, and predictive models reveals the genetic architecture of plant height in maize. Mol. Plant 16, 354–373. doi: 10.1016/j.molp.2022.11.016

 Wang, J. C., Ren Y, L., Liu, X., Luo, S., Zhang, X., Liu, X., et al. (2021). Transcriptional activation and phosphorylation of OsCNGC9 confer enhanced chilling tolerance in rice. Mol. Plant 14, 315–329. doi: 10.1016/j.molp.2020.11.022

 Wang, X., Song, Q., Liu, Y., Brestic, M., and Yang, X. (2022). The network centered on ICEs play roles in plant cold tolerance, growth and development. Planta 255, 81. doi: 10.1007/s00425-022-03858-7

 Wang, P., Zhao, L., Hou, H., Zhang, H., Huang, Y., and Wang, P. (2015). Epigenetic changes are associated with programmed cell death induced by heat stress in seedling leaves of zea mays. Plant Cell Physiol. 56, 965–976. doi: 10.1093/pcp/pcv023

 Xu, Z., Zhang, J., Wang, X., Essemine, J., Jin, J., Qu, M., et al. (2023). Cold-induced inhibition of photosynthesis-related genes integrated by a TOP6 complex in rice mesophyll cells. Nucleic Acids Res. 51, 1823–1842. doi: 10.1093/nar/gkac1275

 Yan, K., Chen, P., Shao, H., Shao, C., Zhao, S., and Brestic, M. (2013). Dissection of photosynthetic electron transport process in sweet sorghum under heat stress. PloS One 8, e62100. doi: 10.1371/journal.pone.0062100

 Yao, W.-Q., Lei, Y.-K., Yang, P., Li, Q.-S., Wang, L.-L., He, B.-Y., et al. (2018). Exogenous glycinebetaine promotes soil cadmium uptake by edible amaranth grown during subtropical hot season. Int. J. Environ. Res. Public Health 15, 1794. doi: 10.3390/ijerph15091794

 Zhang, Y., Dai, T., Liu, Y., Wang, J., Wang, J., Wang, Q., et al. (2022). Effect of exogenous glycine betaine on the germination of tomato seeds under cold stress. Int. J. Mol. Sci. 23, 10474. doi: 10.3390/ijms231810474




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Dai, Ban, Han, Li, Zhang, Zhang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 May 2024

doi: 10.3389/fpls.2024.1402521

[image: image2]


The metabolism of amino acids, AsA and abscisic acid induced by strigolactone participates in chilling tolerance in postharvest zucchini fruit


Lei Wang 1*, Li Liu 1, Anqi Huang 1, Hua Zhang 1 and Yonghua Zheng 2


1 College of Agriculture and Agricultural Engineering, Liaocheng University, Liaocheng, China, 2 College of Food Science and Technology, Nanjing Agricultural University, Nanjing, China




Edited by: 

Maria F. Drincovich, Centro de Estudios Fotosintéticos y Bioquímicos (CEFOBI), Argentina

Reviewed by: 

Yuquan Duan, Chinese Academy of Agricultural Sciences (CAAS), China

Jianfei Kuang, South China Agricultural University, China

*Correspondence: 

Lei Wang
 freshair928@163.com


Received: 17 March 2024

Accepted: 26 April 2024

Published: 14 May 2024

Citation:
Wang L, Liu L, Huang A, Zhang H and Zheng Y (2024) The metabolism of amino acids, AsA and abscisic acid induced by strigolactone participates in chilling tolerance in postharvest zucchini fruit. Front. Plant Sci. 15:1402521. doi: 10.3389/fpls.2024.1402521



Zucchini fruit are notably susceptible to chilling injury when stored at low temperatures. The purpose of this experimental investigation was to assess the influence of strigolactone (ST) (5 μmol L-1) on mitigating chilling injury and the metabolic changes in amino acids, ascorbic acid, and abscisic acid in zucchini fruit stored at 4°C. Research findings demonstrated that ST-treated zucchini fruit displayed a significantly higher tolerance to chilling stress compared to the control group. Postharvest ST treatment led to a decrease in weight loss, accompanied by reduced levels of malondialdehyde and relative ion leakage compared to the untreated group. ST immersion significantly boosted the metabolic pathways associated with proline and arginine, affecting both the enzymatic reactions and gene expressions, thus cumulatively increasing the internal concentrations of these amino acids in zucchini fruit. Zucchini treated with ST exhibited an increased concentration of γ-aminobutyric acid (GABA) as a result of augmented activities and elevated transcriptional levels of glutamate decarboxylase (GAD), GABA transaminase (GAT), and succinate semialdehyde dehydrogenase (SSD). In the ST-treated sample, the elevated enzymatic activities and enhanced gene expressions within the ascorbic acid (AsA) biosynthesis pathway worked together to sustain AsA accumulation. The application of ST resulted in a rise in abscisic acid (ABA) concentration, which correspondingly correlated with the induction of both activities and gene expression levels of crucial enzymes involved in ABA metabolism. Our findings revealed that submerging zucchini fruit in ST could be a highly effective strategy for boosting their chilling tolerance. The alleviation in chilling injury induced by ST may be attributed to the modulation of proline, arginine, GABA, AsA and ABA metabolism.
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1 Introduction

Among the multitude of postharvest preservation techniques for fruit and vegetable, cold storage continues to be recognized as the most efficacious method and is extensively employed for the storage and conservation of horticultural commodities (Valenzuela et al., 2017; Zhang et al., 2019). Cold storage effectively mitigates the metabolic activity in plant cells, postpones senescence, and safeguards the quality of postharvest horticultural goods. Nonetheless, this method poses a challenge for certain fruit and vegetable native to tropical and subtropical regions, as it can induce chilling injury (CI), thereby resulting in a decline in their overall quality (Zhang et al., 2019). Zucchini (Cucurbita pepo L.) is a highly nutritious and medicinally valuable vegetable crop that is notably sensitive to chilling temperatures (Palma et al., 2019; Zuo et al., 2021). The manifestations of CI in zucchini fruit are predominantly characterized by the emergence of pits and damaged patches on the outer surface or exocarp tissue (Carvajal et al., 2015). The appearance of these CI symptoms causes zucchini to be very susceptible to disease infection and rot, which directly affects its commercial value. Consequently, exploring methods to prevent or alleviate CI in zucchini fruit has emerged as a pressing research focus within the field of postharvest science. Experimental studies have discovered that specific postharvest treatments are capable of effectively reducing the severity of chilling injury in postharvest fruit and vegetable (Aghdam et al., 2019; Islam et al., 2022). Previous studies have proposed that the potential biochemical mechanism of chilling injury in fruit and vegetable involve several interconnected processes: disruption to cellular membranes, reactive oxygen species (ROS) stress, alterations in unsaturated fatty acid metabolism, perturbations in energy supply, and changes in intracellular sugar metabolism (Wu et al., 2024). Current research also attempts to elucidate the mechanism of CI in terms of the role of internal signaling molecules and functional phytochemicals within fruit and vegetable, such as GABA, proline, and argnine.

Plants inherently hold the potential capacity to cope with adverse environmental situations. Exogenous stimuli can efficaciously activate this complex adaptation process, which unfolds through the meticulous choreography of a wide array of internal signaling molecules. Strigolactone (ST), a category of phytohormones derived from carotenoids, serve as vital small signaling molecules governing various developmental stages and responding to a multitude of environmental cues (Soliman et al., 2022). Beyond their established functions in modulating plant growth and nutrient distribution within plants, ST’ positive influence on the postharvest physiological processes of fruits has garnered escalating interest in their scientific investigation (Wu et al., 2022; Liu et al., 2024a). During refrigerated storage at 0°C, ST enhanced fruit quality in strawberries by bolstering the antioxidant defense system and regulating the metabolic pathways involving phenylpropanoids, nitric oxide, and hydrogen sulfide (Huang et al., 2021a). Physiological evaluations demonstrated that the use of ST significantly alleviated the progression of CI in postharvest litchi fruit (Liu et al., 2024a). Ferrero et al. (2018) highlighted the involvement of ST in enhancing the accumulation of anthocyanins within grapevine berries through synergistic interactions with other phytohormones. It is becoming increasingly clear that ST is finding broader applications in agriculture contexts (Li et al., 2023; Kapoor et al., 2024). Considering the extensive applications of ST in agricultural practices, obtaining a thorough comprehension of its multifaceted roles across a broad range of plant species is essential. Up until now, no scientific research has been published detailing the effects of ST immersion treatments in reducing chilling damage during the postharvest period for zucchini fruit. This study aimed to explore the efficacy of ST in diminishing chilling injury in zucchini fruit during cold storage. Concurrently, we scrutinized the metabolic changes in amino acids, ascorbic acid and abscisic acid to shed light on the potential biochemical mechanisms responsible for the improved chilling tolerance in postharvest zucchini fruit during cold storage treated with ST.




2 Materials and methods



2.1 ST treatment and sample collection

Fruit (Cucurbita pepo L. cv. Zaoqing) were meticulously handpicked from a farm situated in the outskirts of Liaocheng at their commercial maturity stage. Any fruit found to have defects were carefully discarded to ensure only top-quality produce was used. Subsequently, we selected fruit that displayed consistent size and uniform coloration. All zucchini fruit were divided randomly into two sets of 150 pieces each. Based on a preliminary screening test conducted over a range of concentrations (0, 1, 5, 10, 20 μM), one set was treated by immersing them in a solution consisting of 5 μM ST (Solarbio Science and Technology Co., Ltd., Beijing, China) for a period of ten minutes. This experimental process validated that the chosen concentration of 5 μM ST exerted the most efficacious results. Another batch was treated with sterile water instead, functioning as the control group. Thereafter, all the fruit were left to dry out gently at the ambient temperature of 20°C for around an hour. The fruit were then stored at 4°C for a span of sixteen days, under conditions where the relative humidity was consistently held at 90%. A total of 30 fruit from each batch were shifted to 20°C for a 2-day shelf life simulation before undergoing physio-biochemical index assessments and chilling injury measurements every four days. For each replicate, the sample tissue of ten fruit without chilling injury symptom was mixed together and stored in liquid nitrogen for subsequent physio-biochemical parameter analysis. Each treatment had three biological replicates at every assessment point, and the entire experiment was repeated twice.




2.2 Assessment of chilling injury in cold-stored zucchini

The severity of chilling injury was determined by evaluating the external surface pitting areas in zucchini fruit. The classification system for assessing the severity of chilling injury was structured as follows: At Grade 0, there were no discernible symptoms of pitting. Grade 1 denoted that the affected area covered less than 10% of the fruit’s total surface. In Grade 2, the pitting extended across 11% to 25% of the fruit’s skin. Grade 3 represented a pitting area ranging from 26% to 50% of the fruit’s surface. Lastly, Grade 4 signified that the pitting had spread over more than 50% of the fruit’s exterior. The Chilling Injury Index was calculated using the following formula: ∑(chilling injury level × quantity of fruit at corresponding level)/(4 × total fruit number).




2.3 Quantifications of malondialdehyde (MDA) and relative and ion leakage

To assess the MDA content and ion leakage in the experimental fruit, we adhered to the detailed protocol outlined by Wang et al. (2023). A sample of fruit pulp was ground in a 15 mL of TCA solution. The resultant mixture was then centrifuged at 10,000 g for a duration of 15 minutes. Following this, the absorbance of the extracted supernatant was measured spectrophotometrically at three distinct wavelengths, namely 450, 532, and 600 nm. The MDA concentration was computed using the following formula: 6.45×(Ab532-Ab600)-0.56×Ab450. To determine ion leakage, four grams of uniformly sliced zucchini cylinders (with a thickness of 2 mm) taken from the cuticular layer of ten fruits were soaked in 30 mL of deionized water for a period of ten minutes. The initial electrical conductivity (Di) was then recorded. Next, the samples were boiled for another ten minutes before cooling down to 20°C. Upon reaching this temperature, the final electroconductivity (Df) was measured in another 30 mL of deionized water. The ion leakage percentage was derived from the ratio of initial to final conductivity values, expressed as: (Di/Df) × 100%.




2.4 Measurement of proline content and the activities of enzymes involved in proline metabolism

The determination of proline content was carried out according to the previous research of Wang et al. (2023). Tissue sample was homogenized in 20 mL of sulphosalicylic acid and then subjected to water bath incubation at 100°C for tenminutes. Following a 10-minute centrifugation at 15,000 g, the supernatant was retrieved and mixed with methylbenzene (5 mM), ninhydrin (2%, v/v), and acetic acid (5%, v/v). The absorbance of the reaction mixture was measured at 520 nm by spectrophotometry, with results presented in terms of mg/kg of tissue sample.

Ornithine-δ-aminotransferase (OAT) activity was measured following the procedure outlined in the research of Wang et al. (2023). Tissue sample was homogenized in tripotassium phosphate buffer containing dithiothreitol, and the mixture was subsequently centrifuged at 15,000 g for 12 minutes at 4°C. The assay mixture was composed of crude enzyme (0.8 mL), 1.3 mL of Orn (35 mM), 0.2 mL of ninhydrin (2%, w/v), and 1.7 mL of phosphopyridoxal (0.15 mM). One unit of enzyme activity is defined as an increment of 0.01 absorbance units at 510 nm per minute, which is recorded in U/kg tissue sample.

Tissue sample was crushed in Tris-HCl buffer solution including PVP, EDTA, and dithiothreitol, which was then centrifuged at 15,000 g for 15 minutes at 4°C. Reaction mixture for measuring PCS (pyrroline-5-carboxylate synthase) consisted of enzyme supernatant, MgCl2, Tris-HCl buffer, and ATP. Reaction mixture for measuring PDH (proline dehydrogenase) consisted of enzyme supernatant, proline, Na2CO3-NaHCO3 buffer, and NAD+ (Wang et al., 2023). One unit of activity of the above two enzymes is defined as the change in absorbance by 0.001 per minute at a wavelength of 340 nm.




2.5 Measurements of GABA content and the activities of enzymes involved in GABA metabolism

GABA concentration was determined following the analytical methods outlined by Madebo et al. (2021). Zucchini tissue was homogenized in a 50 mM lanthanum chloride solution, and the mixture was subsequently centrifuged at 15,000 g for 12 minutes at 4°C. The assay blend included 0.6 mL boracic acid buffer (pH 9.0), 0.8 mL phenyl hydroxide, 0.6 mL NaClO4, 0.4 mL potassium hydroxide, and 2.6 mL obtained supernatant. The absorbance of the assay blend was measured spectrophotometrically at a wavelength of 645 nm, with results presented in terms of milligrams per kilogram of tissue sample.

Glutamate decarboxylase (GAD) activity was measured following the procedure outlined in the research of Madebo et al. (2021). Zucchini tissue was crushed in Tris-HCl buffer solution, which was then centrifuged at 15,000 g for 15 minutes at 4°C. The assay mixture consisted of tripotassium phosphate buffer (0.25 M), glycerol (0.1 mM), phosphopyridoxal (0.07 mM), dithiothreitol (0.1 mM). One unit of enzyme activity is defined as the production of one microgram of GABA within one minute. GABA transaminase (GAT) activity was measured following the procedure outlined in the research of Madebo et al. (2021). Zucchini tissue was crushed in PBS buffer, which was then centrifuged at 15,000 g for 15 minutes at 4°C. The assay mixture consisted of GABA (0.1 mM), DTT (0.2 mM), ethylene diamine tetraacetic acid (0.03 M), acetonate (0.05 mM), phosphopyridoxal (0.05 mM), Tris-HCI buffer (0.2 M), obtained supernatant (0.6 mL). The reaction was terminated by adding sulfosalicylic acid, and the absorbance of the solution was subsequently determined spectrophotometrically at a wavelength of 450 nm. The determination of succinate semialdehyde dehydrogenase (SSD) activity was conducted in adherence to the guidelines provided in the Plant SSD ELISA Kit from Jiangsu Boshen Biotechnology Co., LTD. Tissue sample was crushed in PBS buffer (pH 7.3), which was then centrifuged at 15,000 g for 15 minutes at 4°C. The assay mixture consisted of POD, DTT, tetramethylbenzidine, and obtained supernatant. The absorbance of the mixture was measured spectrophotometrically at a wavelength of 450 nm, with results presented in terms of units per gram of tissue sample.




2.6 Measurements of AsA content and the activities of enzymes involved in AsA metabolism

The determination of AsA concentration in zucchini fruit was guided by the methods outlined in the work of Wang et al. (2016). To measure the AsA concentration, four grams of fruit tissues were finely ground in 15 milliliters of prechilled oxalic acid. Subsequently, the AsA content was determined through a titration process using 2,6-dichlorophenol indophenol as the titrating agent. The result was reported in units of grams per kilogram of tissue. The measurement of ascorbate peroxidase (APX) activity was conducted according to the protocol laid out by Li et al. (2019). The composition of the reaction blend included enzyme suspension, sodium phosphate buffer (1.5 mL, 50 mM, pH 7.0), AsA (50 µL, 9 mM), and H2O2 (15 µL, 30%). The unit defining enzyme activity was considered as the amount of enzyme that caused a decrement in absorbance at a wavelength of 290 nm min-1. The quantification of monodehydroascorbate reductase (MDR) activity was performed according to the methodologies prescribed by Liu et al. (2024b). Zucchini tissue was homogenized in prechilled Tris-HCl buffer that included polyvinylpyrrolidone (5%, w/v), ethylenediaminetetraacetic acid, Triton X-100, and dithiothreitol. Following this, the mixture was subjected to centrifugation at 11,000 g (4°C). The composition of the reaction mixture included HEPES-KOH buffered solution, NADH, ascorbate, ascorbate oxidase enzyme, and 0.8 milliliters of the supernatant derived from the enzyme preparation. The result was determined by measuring absorbance at a wavelength of 340 nm using a spectrophotometer. The assessment of ascorbate oxidase (ACO) activity in the fruit tissue was conducted in accordance with the methodology prescribed by Yun et al. (2020). Fruit pulp were finely ground in a pre-cooled sodium phosphate buffer solution (pH 6.5). The reaction blend primarily comprised ascorbic acid, glutathione, and the supernatant fraction. The composition of the reaction mixture included glutathione, AsA, and supernatant derived from the enzyme preparation. One unit of ACO activity was established as the measure of the oxidative transformation of ascorbic acid occurring per second, and the results were expressed in terms of μmol s-1 kg-1 protein.




2.7 Measurements of arginine content and the activities of enzymes involved in arginine metabolism

The determination of arginine content within zucchini tissue was estimated following the method of Jin et al. (2019). Tissue sample was pulverized with hydrochloric acid solution (0.2 M), and the mixture was subsequently centrifuged at 8,000 g for 12 minutes at 4°C to collect the supernate. The residue was extensively rinsed with hydrochloric acid solution (0.2 M) and subsequently subjected to centrifugation at 8,000 g. The resulting supernatant was combined and mixed with 5-sulfosalicylic acid. After undergoing ultrasonic treatment and subsequent centrifugation at 8,000 g, the reaction system was meticulously filtered using a 0.22 μM aqueous phase filter. The filter liquor was detected with a Hitachi L-8800 amino acid analyzer and the concentration of arginine was quantified following the manufacturer’s standard procedures. Arginase (ARG) activity was measured following the procedure outlined in the research of Zhang et al. (2013). Tissue sample was crushed in Tris-HCl buffer solution including ME (2-mercaptoethanol), PMSF, and PVP, which was then centrifuged at 15,000 g for 15 min at 4°C. Reaction solution included crude enzyme, arginine, Gly-NaOH, and manganese chloride. The reaction was ceased by the addition of HClO4. The resulting solution was combined with another liquid containing both sulfuric and phosphoric acids, and then the mixture was incubated in boiling water bath for 60 minutes. The absorbance of reaction mixture was recorded at 520 nm. One unit of ARG activity was defined as the production of one milligram of urea per minute per gram of tissue sample. The activities of arginine decarboxylase (ADC) and ornithine decarboxylase (ODC) were performed following the protocol provided by Zhang et al. (2013). Tissue sample was crushed in sodium phosphate buffer solution including DTT, PMSF, EDTA, and AsA, which was then centrifuged at 15,000 g for 15 min at 4°C. Reaction solution included crude enzyme, PLP, EDTA, and DTT. The assay reactions were commenced by introducing 100 μL of arginine for ADC activity measurement or L-ornithine for ODC activity assessment, and the resulting mixtures were then maintained at 37°C for 30 minutes. Termination of the reaction was achieved by adding perchloric acid, following which the mixture was centrifuged at 10,000 g to collect the supernate. The absorbance of assay blend was recorded at 254 nm. Enzyme activities were represented by the variation of 0.01 units in absorbance per minute for every gram of tissue sample.




2.8 Measurements of ABA content and the activities of enzymes involved in ABA metabolism

The evaluation of ABA content in the frozen zucchini tissues was conducted in accordance with the standards delineated by Siebeneichler et al. (2022). To do this, 2.0 grams of zucchini tissues were thoroughly pulverized in a pre-chilled 80% methanol solution. The resulting mixtures were centrifugated at 13,000 g for 30 minutes (4°C). The resulting supernatant was passed through a 0.22-micron syringe filter for purification. After eliminating polar constituents using a Sep-Pak C18 cartridge, ABA content was measured using the enzyme-linked immunosorbent assay (ELISA) kits provided by Adanti Biotechnology Co., Ltd., Hubei, China, and expressed as µg kg-1 sample. Abscisic acid aldehyde oxidase (AAO) activity was determined as directed by Zuo et al. (2021). In this process, 2.5 grams of fruit specimen were ground in 10 mL prechilled phosphoric acid buffer. The resulting mixtures were subjected to centrifugation at 12,000 g for a duration of fifteen minutes at 4°C. The AAO activity was assayed spectrophotometrically at 450 nm following the producer’s instructions for AAO ELISA technique; with one unit of AAO activity defined as the generation of one nmol of ABA under the given assay conditions. The 9-cis-epoxycarotenoid dioxygenase (ECD) activity was assessed following the direction of Huang et al. (2021c). A 2.5 gram portion of fruit tissue was crushed in 15 mL prechilled PBS buffer solution and centrifuged at 12,000 g at 4°C. ECD activity was subsequently quantified spectrophotometrically at 450 nm, adhering to the instructions provided by the ELISA kit from Mlbio, Shanghai, China.




2.9 RNA extraction and quantitative analysis of genes expressions

RNA extraction from zucchini tissues was conducted following the methodology described by Liu et al. (2024b). First, 5.0 grams of fruit sample were ground into powder in liquid nitrogen. Total RNA was retrieved by employing a CTAB-based extraction solution containing 2% (v/v) β-mercaptoethanol. The quantity and quality of the isolated RNA were assessed utilizing a Thermo NanoDrop 2000 spectrophotometer. Subsequently, cDNA synthesis was performed through reverse transcription in adherence to the protocol recommended by Yeasen Biotechnology Co., Ltd., Shanghai. Real-time quantitative PCR (qPCR) was carried out following the instructions accompanying the GoTaq® qPCR Master Mix kit from Promega. Each reaction solution consisted of the cDNA template, 2.5 microliters specific primers for each target gene, 5 microliters of double-distilled water, and 15 microliters of the qPCR Master Mix. Based on the NCBI database, the primer sequences employed in this study were carefully selected and are exhaustively detailed in Table 1. Relative transcript abundance of the target genes and the housekeeping gene were calculated according to 2−ΔΔCT formula.


Table 1 | Primer sequences for gene expression in qRT-PCR analysis.






2.10 Statistical analysis

The present investigation was designed and performed following a thorough randomization method. Statistical analysis of the collected data was carried out using ANOVA model. Statistical comparisons among the treatments were conducted utilizing Duncan’s Multiple Range Test, with a significance threshold set at p-value less than 0.05.





3 Results



3.1 Chilling injury index, weight loss, MDA content and relative electrolyte leakage in zucchini fruit subjected to cold storage

Throughout a 16-day period of cold storage at 4°C, a steady escalation in the chilling injury index was noticed in zucchini fruit. Zucchini fruit subjected to ST treatment exhibited a notably slower increase in the chilling injury index relative to untreated controls. After the 4th day of storage, the chilling injury index in ST-treated zucchinis was significantly less than in untreated ones (Figure 1A). The application of ST proved effective in curbing the surge of the chilling injury index. As the storage duration extended, there were gradual upsurges in weight loss rate, MDA content, and relative electrolyte leakage levels within zucchini fruit (Figures 1B–D). The findings from our experiments indicated that ST intervention significantly deterred the escalation of above three physiological parameters over time.




Figure 1 | Variations of chilling injury index (A), weight loss (B), MDA content (C) and relative electrolyte leakage (D) in control and 5 μM ST treated zucchini fruit during cold storage. Vertical bars indicate the standard error of the mean values. Asterisks imply statistically significant differences (p < 0.05) between the control and ST treated group in the same day.






3.2 Proline content, metabolic enzymatic activities related to proline, and associated gene expression in zucchini fruit subjected to cold storage

Throughout the entire storage period, proline content in zucchini fruit consistently rose (Figure 2A). Notably, this ascending trend was augmented in fruit that subjected to ST treatment. PCS activity in treated fruit initially displayed a pattern of rising before declining, reaching its peak at the eighth day of observation. Throughout the entire storage period, the control group consistently exhibited lower PCS activity levels compared to those in the ST-treated group (Figure 2B). Comparable patterns were also observed in the transcription abundance of CpPCS across both control and treated group (Figure 2C). PDH activity showcased a downward trend in zucchini fruit throughout the storage duration (Figure 2D). The expression of the CpPDH gene in zucchini fruit initially ascended before subsequently declining (Figure 2E). Remarkably, both the activity and transcription abundance of PDH were lower in the treated fruit compared to their counterparts in the control group. OAT activity in the ST-treated fruit registered a sharp rise during the initial four days of storage, followed by a gradual decrease over the rest of the storage timeframe (Figure 2F). Throughout the storage period, the expression of the CpOAT gene was consistently higher in the treated zucchini fruit compared to the control group (Figure 2G).




Figure 2 | Variations of proline content (A), metabolic enzymatic activities related to proline (B, D, F) and associated gene expression in control (C, E, G) and 5 mM ST treated zucchini fruit during cold storage. Vertical bars indicate the standard error of the mean values. Asterisks imply statistically significant differences (p < 0.05) between the control and ST treated group in the same day.






3.3 Arginine content, metabolic enzymatic activities related to arginine, and associated gene expression in zucchini fruit subjected to cold storage

As can be observed in Figure 3A, a general decrease trend in arginine content is recorded during the course of storage duration (Figure 3A). Activities of ARG and ADC in treated fruit exhibited similar trajectories of ascent before descending, peaking at day 12. Over the entire storage period, the untreated fruit consistently presented with lower activities of ARG and ADC when compared to the treated counterparts (Figures 3B, D). ST treatment significantly increased the relative expression of CpARG and CpADC in zucchini fruit during cold storage (Figures 3C, E). Compared with the control group, ST treatment significantly promoted the increase of ODC activity and the relative expression of CpODC in zucchini fruit during cold storage (Figures 3F, G).




Figure 3 | Variations of arginine content (A), metabolic enzymatic activities related to arginine (B, D, F) and associated gene expression in control (C, E, G) and 5 mM ST treated zucchini fruit during cold storage. Vertical bars indicate the standard error of the mean values. Asterisks imply statistically significant differences (p < 0.05) between the control and ST treated group in the same day.






3.4 GABA content, metabolic enzymatic activities related to GABA, and associated gene expression in zucchini fruit subjected to cold storage

The content of GABA in control zucchini fruit consistently reduced over the course of their storage period. Conversely, in the ST-treated group, GABA levels peaked at day 4 and thereafter began to diminish (Figure 4A). GABA content in treated zucchini fruit was notably higher in comparison to the control fruit. The activity of GAD and expression of the CpGAD gene in zucchini fruit initially rose before declining later on. From the fourth day of storage onwards, both GAD activity and gene expression levels were significantly elevated in the treated fruit relative to the control fruit (Figures 4B, C). ST treatment resulted in a considerable enhancement of GAT activity and the expression of the CpGAT gene throughout the entire storage period (Figures 4D, E). The activity of SSD initially showed a significant increase followed by a slight diminution in both the control and treated group as storage duration extended (Figure 4F). In treated fruit, the relative expression of CpSSD consistently increased with prolonged storage, whereas in the control group, it initially decreased and then slightly rose as storage time lengthened (Figure 4G).




Figure 4 | Variations of GABA content (A), metabolic enzymatic activities related to GABA (B, D, F) and associated gene expression in control (C, E, G) and 5 mM ST treated zucchini fruit during cold storage. Vertical bars indicate the standard error of the mean values. Asterisks imply statistically significant differences (p < 0.05) between the control and ST treated group in the same day.






3.5 AsA content, metabolic enzymatic activities related to AsA, and associated gene expression in zucchini fruit subjected to cold storage

Over the course of storage, AsA content in zucchini fruit continuously diminished (Figure 5A). Nevertheless, the application of ST prior to storage served to alleviate this decline in AsA levels. In the ST-treated zucchini fruit, the activities of APX and MDR initially surged significantly before experiencing a modest decline as storage time progressed, consistently maintaining levels that were notably higher than those found in the control group (Figures 5B, D). Comparable trends in expression were also observed for the genes CpAPX and CpMDR in both control and treated zucchini fruit (Figures 5C, E). ACO activity in zucchini fruit exhibited a progressive decline throughout the entire storage period. Starting from the eighth day of storage, control samples displayed a notably higher ACO activity level compared to the ST-treated group (Figure 5F). The expression of CpACO gene in zucchini samples decreased over time (Figure 5G). However, after eight days of storage, the transcription level of CpACO was significantly downregulated in the ST-treated samples as opposed to the control fruit.




Figure 5 | Variations of AsA content (A), metabolic enzymatic activities related to AsA (B, D, F) and associated gene expression in control (C, E, G) and 5 mM ST treated zucchini fruit during cold storage. Vertical bars indicate the standard error of the mean values. Asterisks imply statistically significant differences (p < 0.05) between the control and ST treated group in the same day.






3.6 ABA content, metabolic enzymatic activities related to ABA, and associated gene expression in zucchini fruit subjected to cold storage

The results showed that ABA content rose continuously in both the ST-treated and control group, yet it was significantly higher in the ST-treated group specifically between the 12th and 16th days of the trial (Figure 6A). The activity of AAO in treated zucchini fruit initially rose before declining later on (Figure 6B). The expression of CpAAO gene in zucchini samples increased gradually over time (Figure 6C). Starting from the eighth day of storage, ST treatment significantly heightened AAO activity and corresponding gene expression levels compared to the control fruit. During the complete storage span, activity of ECD and expression of CpECD gene in zucchini fruit consistently decreased over time. ST treatment induced a marked enhancement in ECD activity between the fourth and eighth days of the experiment (Figure 6D). In comparison to the control, the ST treatment notably augmented the increase in CpECD expression starting from the eighth day of storage (Figure 6E).




Figure 6 | Variations of ABA content (A), metabolic enzymatic activities related to ABA (B, D) and associated gene expression in control (C, E) and 5 mM ST treated zucchini fruit during cold storage. Vertical bars indicate the standard error of the mean values. Asterisks imply statistically significant differences (p < 0.05) between the control and ST treated group in the same day.







4 Discussion

Zucchini is a highly favored fruit enjoyed worldwide with perennial high consumer demand. Unfortunately, zucchini fruit displays an exceptional sensitivity to chilling injury when subjected to conventional cold storage methods. Chilling injury experienced by zucchini fruit during refrigeration is an irreversible physiological issue that significantly impacts its market worth and ability to resist diseases (Palma et al., 2019). Implementing effective postharvest strategies to prevent the progression of chilling injury is critically important for safeguarding the interests of the fruit sector. Growing body of robust evidence suggests that applying ST positively influences the activation of defense mechanisms and aids in mitigating various stress conditions (Marzec, 2016; Soliman et al., 2022). There is a rising interest in the metabolic pathways of internal signaling molecules and functional metabolites in relation to cold storage of horticultural commodities, given their integral participation in diverse physiological functions (Zhang et al., 2021). Earlier research has documented the favorable effects of ST treatment in diminishing chilling injury in several types of fruits, including litchi and pea (Cooper et al., 2018; Liu et al., 2024a). In our current investigation, we observed that immersing zucchini fruit in a solution containing 5 μM ST effectively reduced the occurrence of chilling injury during refrigeration.

It is widely accepted that the development of chilling injury in fruit and vegetable largely stems from cellular membrane damage occurring during the postharvest storage phase (Zhang et al., 2021). The cell membrane constitutes the principal location where chilling injury takes root. When cell membranes undergo a transition from their fluid, liquid-crystalline state to a rigid, solid-gel structure under chilling temperatures, it significantly raises the likelihood of compromised regulated semi-permeability, leading to potential cell membrane dysfunction (Liu et al., 2016). The incidence of chilling injury is frequently linked with oxidative damage, which can be biochemically evidenced by the presence of MDA—a key marker representing the endpoint of lipid peroxidation processes. Both electrolyte leakage and MDA accumulation are well-regarded proxies for assessing the extent of damage to semipermeable membranes, typically caused by oxidative degradation of membrane lipids. These parameters are frequently utilized in determining the functional integrity of the cell membrane (Wang et al., 2023). Increased relative electrolyte leakage in plants promotes more efficient interactions between enzymes and substrates, thereby accelerating intracellular oxidation reactions. Malondialdehyde content serves as an indicator of the severity of oxidative stress endured by the plant (Mohammadi et al., 2023). A wealth of research literature decisively suggested that a reduction in relative electrolyte leakage and MDA accumulation could significantly bolster the chilling tolerance of a variety of horticultural commodities. Zhang et al. (2023) substantiated that a decrease in relative electrolyte leakage and MDA levels jointly contributed to alleviating chilling injury in cucumber fruit when exposed to fucoidan. Our findings showed a consistent rise in electrolyte leakage and MDA levels across both control and treated zucchini fruit. Nonetheless, the application of ST significantly postponed this escalation, consequently attenuating the progression of chilling injury in the treated zucchini fruit. It can be deduced that the application of ST likely contributes to enhancing chilling resistance in zucchini fruits by virtue of its ability to reduce electrolyte leakage and MDA levels.

Within plant organisms, proline operates as a signaling agent that engages in numerous biochemical reactions, particularly during adverse environmental stress scenarios. Not only does proline serve as an effective osmoprotectant through its compatibility as a solute, but there is compelling evidence suggesting that it also plays crucial roles in neutralizing free radicals, regulating cellular redox status, sequestering metal ions, and instigating protective responses within plants (Raza et al., 2023). Proline is widely recognized for its capacity to augment plant resilience against chilling stress. Ample research supports the involvement of multiple enzymes in proline metabolism, which is crucial for sustaining a fundamental equilibrium in plants. The formation of proline from either glutamate or ornithine is catalyzed by different enzymes; PCS operates in the cytosol while OAT functions in plastids. In parallel, proline breakdown takes place within mitochondria, involving several interconnected metabolic steps driven by a series of enzymes, such as PDH among others (Mattioli et al., 2009). A pronounced accumulation of proline represents a significant adaptive physiological trait contributing to plant resilience against various stress conditions. Notably, in plants susceptible to cold stress, a heightened proline buildup can alleviate the detrimental effects of chilling injury (Wang et al., 2023). There is a mounting body of evidence indicating that the modulation of enzyme activities and gene expression, which in turn affects proline levels, can help mitigate CI in harvested horticultural products during postharvest storage. Aghdam et al. (2019) discovered that melatonin treatment conferred chilling resistance to tomato fruit through the regulation of enzymes associated with proline metabolism, ultimately impacting proline levels. Islam et al. (2022) also reached comparable conclusions, suggesting that the augmented proline levels resulting from heightened PCS and OAT activities and suppressed PDH activity were instrumental in boosting chilling tolerance in pomegranate subjected to 24-epibrassinolide treatment. Significantly, the upregulated expression of genes related to proline metabolism has been shown to confer greater resilience to environmental stressors. This correlation extends to the response of pear fruit to chilling injury. Sun et al. (2020) discovered that glycine betaine induced chilling tolerance in pear fruit was linked with heightened transcriptional levels of PuPCS and PuOAT, alongside reduced expression of PuPDH, all of which are genes connected to proline metabolism. Increasing proline level during cold storage within plants is a common phenomenon and arises as a net result of augmented biosynthesis and altered degradation processes. The elevated proline levels observed in zucchini fruit during cold storage can be attributed to its innate defense mechanism against cold stress, which stimulates the metabolic pathway of proline synthesis. The observed enhancement seems to stem from the zucchini fruit’s reaction to cold stress, compounded by the influence of ST treatment, which further induces proline metabolism. Thus, it is reasonable to infer that ST treatment’s positive impact on elevating enzyme activities and gene expressions leads to increased proline accumulation, which in turn aids in reducing the severity of chilling injury.

Arginine, a fundamental building block of proteins and a source for generating certain bioactive substances in higher plants, is a pivotal amino acid deeply integrated into various metabolic processes and actively engaged in the stress response mechanisms of these plants (Nasr et al., 2022). As arginine possesses a high carbon-to-nitrogen ratio, it not only supplies plants with essential nitrogen but also sustains cellular functions and boosts tolerance to diverse abiotic stresses. Its metabolism provides a platform for several ornithine-dependent pathways, such as the production of polyamines and proline, which contribute to stress adaptation (Alcázar et al., 2010). Arginine has drawn widespread interest in research due to its proven effectiveness in improving cold tolerance in harvested crops during postharvest storage. A variety of enzymes participate in the breakdown of arginine, such as arginase and arginine decarboxylase (ADC). ADC enzymatically converts arginine into polyamines; meanwhile, arginase breaks down arginine into urea and ornithine. Ornithine serves as a precursor for both polyamines and proline production through two separate pathways—ornithine decarboxylase (ODC) generates polyamines, while ornithine aminotransferase contributes to proline biosynthesis (Zhang et al., 2013). Additionally, an elevation in arginine content and augmented arginase activity could play a part in ensuring regular cell operations and preserving structural stability (Bokhary et al., 2020). Enhancing chilling tolerance in zucchinis upon application of hot water treatment may be attributed to the increased accumulation of endogenous arginine, facilitated by heightened expression of ADC and ODC genes and corresponding enzyme activities (Bokhary et al., 2020). Similar findings were also seen in papaya fruit treated with arginine, indicating that the acquired chilling tolerance was a result of the synergistic regulation of ARG, ODC, and ADC enzyme activities (Huang et al., 2021b). In our research, we found that the application of ST treatment to zucchini fruit under cold storage conditions led to augmented activities of ARG, ODC, and ADC enzymes, accompanied by a corresponding increase in the expression of their respective genes. Moreover, the elevated enzyme activities and corresponding gene expressions in ST-treated zucchini fruit resulted in higher arginine content, ultimately contributing to enhanced chilling tolerance during refrigerated storage. Based on the aforementioned findings, we could deduce that compared to control fruit, the augmented activities and gene expressions of ARG, ADC, and ODC enzymes in ST-treated zucchini lead to a higher arginine content, which may significantly contribute to the improved chilling tolerance regulated by ST in harvested zucchini fruit.

Several research studies have convincingly demonstrated the complex and diverse roles that endocellular GABA plays in plant growth and development, acting as a signaling agent that influences a wide array of physiological processes. These functions encompass stress responses to growth control, extending to challenges posed by both living organisms and environmental factors (Kinnersley and Turano, 2010; Bown and Shelp, 2016). GABA is also recognized as a stress-responsive metabolite and maintains a strong connection with other intrinsic phytohormones (Palma et al., 2019). In the context of plants, GABA is produced through a specialized metabolic route known as the GABA shunt pathway, a process meticulously managed by a sequence of enzymes—chief among them being SSD, GAT, and GAD (Tarkowski et al., 2020). The enzyme GAD plays a core role in GABA metabolism by facilitating the enzymatic reaction that converts glutamate into GABA. Subsequently, GABA experiences breakdown via the process of transamination. On the other hand, GAT enzyme plays a crucial role in reversibly transforming GABA into succinic semialdehyde via deamination. The ensuing succinic semialdehyde is then converted into succinic acid by SSD. Finally, succinic acid gets processed within the TCA cycle (Tarkowski et al., 2020). The fluctuations in GABA concentration are intricately linked with adverse conditions, such as chilling injury, in a wide array of horticultural species. An increase in GABA levels during cold storage represents a natural physiological adaptation, emerging from the delicate equilibrium between its production and breakdown processes. Multiple researches have convincingly revealed that augmenting chilling tolerance in harvested produce involves stimulation of enzyme activities and the activation of genes encoding for elements of the GABA shunt pathway. In the case of Pyrus ussuriensis, treating the fruit postharvest with CaCl2 has been proven to enhance its resistance to chilling stress by influencing the enzymes and genes tied to GABA metabolic processes (Li et al., 2020). Analogously, it was discovered that loquats treated with phytosulfokine α (PSKα) showed augmented activities of GAD and GAT, which were instrumental in combating postharvest chilling stress (Liu et al., 2024c). In present investigation, we observed that ST treatment in zucchini fruit undergoing cold storage significantly boosted the activity levels of the enzymes of SSD, GAT, and GAD, concurrent with an increase in the expression of the corresponding genes. This upregulation corresponded to a heightened GABA content in the ST-treated zucchini fruit, which was pivotal in fostering enhanced chilling tolerance during storage under low temperature. The findings indicated that ST treatment led to an increased accumulation of GABA in zucchinis potentially by stimulating the activities and gene expressions of GAD, GAT, and SSD, effectively mitigating chilling stress impacts.

Ascorbic acid, commonly referred to as vitamin C, is an essential antioxidant abundantly present in plant life. It significantly influences fruit ripening processes and stress resilience, and exerts a crucial regulatory function in fruit maturation and preservation during postharvest storage (Smirnoff, 2018). Increasing levels of AsA within fruit not only enrich the trophic profile of the fruit but also bolster its resistance against a broad spectrum of environmental stress factors. The AsA content in fruit tissues is influenced not just by its synthesis but also by its degradation and regeneration, where the ascorbate–glutathione cycle can potentially stimulate AsA accumulation (Liu et al., 2024b). An accumulating body of evidence indicates that a suite of recycling enzymes play a significant role in the AsA metabolic pathway. Utilizing ascorbate as a reactant, the enzyme APX effectively neutralizes excessive hydrogen peroxide, thus guarding cells against oxidative stress damage. Additionally, APX orchestrates the chemical transition of AsA into monodehydroascorbic acid. Simultaneously, monodehydroascorbic acid can revert back to AsA through the enzymatic action of MDR. Ascorbate oxidase, an enzyme of the ascorbate oxidase family, also contributes to the conversion of a portion of AsA into monodehydroascorbic acid through its catalytic action (Luo et al., 2022). Experimental data has convincingly shown a profound interconnection between the incidence of chilling injury and the metabolic processes involving AsA in postharvest horticultural products. According to our previous investigation, the application of melatonin on harvested Pyrus bretschneideri fruit led to an improvement in their cold resistance. This enhancement was linked to the increased enzyme activities and gene expression of APX and MDR, which in turn resulted in a rise in ascorbic acid (AsA) content (Liu et al., 2024b). There is evidence suggesting that, in comparison with the biosynthesis of AsA, the cyclic degradation pathways play a potentially more significant role in sustaining the AsA levels within postharvest fruit (Luo et al., 2022; Zheng et al., 2022). For example, Luo et al. (2022) disclosed that subjecting kiwifruit to melatonin treatment led to a decrease in the expression of AcACO and increase in the transcriptional level of AcAPX and AcMDR related to AsA metabolism during cold storage, consequently postponing the onset of chilling injury. In this study, ST treatment was found to enhance the chilling tolerance of zucchini fruit, a process that coincided with heightened activities and gene expressions of APX and MDR enzymes, reduced ACO activity and gene expression, and elevated AsA concentration. Based on these findings, it is hypothesized that the AsA metabolism triggered by ST treatment plays a critical role in inducing improved chilling tolerance in zucchini fruit stored under cold conditions.

Abscisic acid (ABA), a key plant hormone, exerts a vital influence over multiple stages of plant growth and development. Serving as a central regulatory element, ABA orchestrates plants’ resistance and adaptive responses to a variety of environmental stressors, particularly those that lead to dehydration, including drought, high salinity, and low temperatures (Chen et al., 2020). The synthesis of ABA progresses through a chain of precisely orchestrated enzymatic steps. The enzyme ECD facilitates the oxidative breakage of 9’-cis-neoxanthin and 9’-cis-violaxanthin, giving rise to xanthoxin. Next, this precursor molecule is converted into abscisic aldehyde via the catalytic action of a short-chain alcohol dehydrogenase. Ultimately, AAO enzyme performs the oxidative reaction that transforms abscisic aldehyde into the final product, ABA (Wu et al., 2023). ECD stands out among these enzymes as a pivotal regulatory component that significantly influences the pace of ABA biosynthesis, acting as a pivotal rate-controlling enzyme in the process. Research indicates that there is a positive correlation between an increase in the internal production of ABA and a decrease in the severity of chilling damage experienced by litchis and zucchinis (Zuo et al., 2021; Liu et al., 2024a). Carvajal et al. (2017) highlighted that during cold storage, zucchini fruit exhibited an upsurge in the inherent abscisic acid levels as well as an enhancement in the activity of AAO, an enzyme integral to ABA biosynthesis. The experimental observations strongly suggest that ABA serves as the key phytohormone contributing to the enhancement of cold tolerance in harvested zucchini fruit during postharvest storage (Carvajal et al., 2017; Zuo et al., 2021). On the contrary, the results presented by Xu et al. (2019) have established that UV-C treatment efficiently postpones the senescence of strawberry fruit by downregulating the expression of genes related to ABA biosynthesis, thereby reducing ABA levels. This variation can be explained by considering the distinct attributes of individual fruit cultivars along with the inherent peculiarities of the diverse fruit tissues. Our research revealed that soaking zucchini fruit in ST solution led to an elevation in ABA concentration, concurrent with increases in both the activities and transcriptional abundance of AAO and ECD enzymes. On this basis, we conjecture that the abscisic acid metabolic alterations induced by ST application contribute to alleviating chilling injury in zucchini fruit during refrigerated storage.




5 Conclusions

In summary, our experimental findings validated that applying ST after harvest proved to be effective in diminishing the effects of chilling injury in zucchini fruit during storage at the low temperature of 4°C. ST treatment led to a decline in the rate of weight loss and a reduction in both relative electrolyte leakage and MDA content in zucchini fruit stored under cold condition for a duration of 16 days. ST treatment triggered an elevation in the levels of proline, arginine, AsA, GABA, and ABA, which was accomplished by means of modulating the enzymatic activities and transcriptional levels of corresponding genes within the zucchini fruit. The foregoing findings suggest that the postharvest application of ST presents a viable strategy to alleviate CI in zucchini fruit when stored under low temperature condition.
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Fresh-cut Chinese water chestnuts (CWCs) are susceptible to yellowing and browning during storage due to mechanical damage and the loss of protective outer skin, adversely affecting their marketability and shelf life. Methyl jasmonate (MeJA) is currently extensively used for food preservation, but it has not been used in Chinese water chestnuts. This study investigated the effect of MeJA treatment on the quality of fresh-cut CWCs. Fresh-cut CWCs immersed in 20 μM MeJA solution for 10 min and stored at 10°C for 5 d effectively delayed the yellowing process, reduced the respiration rate, and minimized the weight and soluble solids loss during storage. In addition, MeJA treatment induced the activities of superoxide dismutase (SOD) and catalase (CAT), which improved the antioxidant capacity of fresh-cut CWCs and inhibited the generation of reactive oxygen species (ROS). Meanwhile, MeJA treatment inhibited the activities of phenylalanine aminotransferase (PAL), polyphenol oxidase (PPO) and peroxidase (POD). The results of quantitative real-time PCR (qRT-PCR) showed that MeJA down-regulated the expression of CwCHS1, CwCHS2, CwCHS3 and CwCHI2 in freshly cut CWCs and inhibited the accumulation of flavonoids, thus delaying the surface discoloration of freshly cut CWCs.
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1 Introduction

Chinese water chestnut (CWC, Eleocharis Tuberosa) is a commonly found aquatic plant known for its edible bulb with a sweet, juicy, and crisp texture, which is highly popular in China (Song et al., 2019). However, CWC bulbs tend to be covered in muddy outer purplish-brown skin, necessitating cleaning and peeling before consumption. Manual cleaning and peeling processes are time-consuming and escalate labor costs. To address these challenges and provide convenience to consumers, the industry has introduced sorting machines, cleaning machines, and peelers (Zhou et al., 2022) to achieve standardized processing of fresh-cut CWCs and enhance production efficiency. Despite these advancements, removing the outer skin during processing exposes the meat of fresh-cut CWCs to mechanical damage, rendering its cells vulnerable. Consequently, fresh-cut CWCs are highly susceptible to yellowing during storage, leading to a rapid decline in organoleptic quality and a loss of commercial value (Li et al., 2022).

The phenomenon of browning, which occurs in many freshly cut fruits and vegetables, primarily results from enzymatic activity (Hasan et al., 2020). In the presence of oxygen, phenolic compounds in these produce items are transformed into quinones through the action of PPO and POD. These quinones polymerize into brown pigments (Teng et al., 2020). Additionally, the presence of excessive ROS, such as superoxide anion (O2·-) and hydrogen peroxide (H2O2), accelerates browning and can lead to membrane lipid peroxidation, causing increased permeability (Zhu et al., 2022a). The disruption of cell membrane integrity accelerates the reaction of phenolics and other substances with oxygen and enzymes, resulting in the rapid deterioration of the appearance of fruits and vegetables (Zha et al., 2022).

As described by previous authors, discoloration of fresh-cut CWCs is primarily due to specific metabolites on the surface, with yellowing substances mainly identified as flavonoids, such as eriodictyol and naringenin (Pan et al., 2015). The synthesis of flavonoids involves key enzymes in the phenylpropanoid pathway, such as PAL, chalcone isomerase (CHI), and chalcone synthase (CHS) (Li et al., 2022). It is now understood that PAL serves as a bridge between primary and phenylpropanoid metabolism, initiating the catalysis of phenylpropanoid metabolism. This metabolic pathway generates secondary compounds like phenols, lignin, and flavonoids, which are susceptible to enzymatic browning and can transform into brown substances under the influence of PPO and POD (Teng et al., 2020).

Much research has been conducted to retard the quality deterioration of fresh-cut CWCs. Early approaches involved chitosan coating (Pen and Jiang, 2003), citric acid (Jiang et al., 2004), and hydrogen peroxide (Peng et al., 2008) to inhibit yellowing. In consideration of environmental friendliness and food safety, more recent studies have explored soaking treatments with ascorbic acid and ferulic acid (Song et al., 2019), hydrogen sulfide (Dou et al., 2021), melatonin (Xu et al., 2022), and hydrogen-rich water (Li et al., 2022). We are also investigating convenient postharvest techniques to inhibit the yellowing of fresh-cut CWCs. A literature review revealed that methyl jasmonate, a naturally occurring plant compound, is currently under investigation for food preservation (Wang et al., 2021).

Methyl jasmonate (MeJA) is a volatile phytohormone with robust biological activity (Cheong and Do Choi, 2003). As a signaling molecule, MeJA plays a pivotal role in various physiological and biochemical processes in plants and regulates the synthesis of other hormones (Per et al., 2018). While storing numerous postharvest fruits and vegetables, MeJA has been shown to maintain quality and enhance systemic acquired resistance (Wang et al., 2021). Studies have demonstrated that exogenous MeJA increases the production of volatiles, phenolics, and unsaturated fatty acids in postharvest fruits and vegetables. MeJA promotes the release of aroma-related lactones in peaches (Cai et al., 2020), significantly elevates carotenoid content in cherry tomatoes after harvest (Liu et al., 2018b), induces the synthesis of ripening aromatic volatiles (Qin et al., 2017), enhances ester synthesis capacity in Nanguo pears (Luo et al., 2021), and improves the flavor quality of postharvest fruits. MeJA also contributes to color and firmness improvement, delays aging, and reduces or prevents cold damage symptoms by boosting antioxidant enzyme activity and promoting antioxidant production in postharvest fruits and vegetables (Dong et al., 2016; Wang et al., 2019b; Zhu et al., 2022b). Concha et al. (2013) found that MeJA promotes fragaria chiloensis fruit ripening and defense-related processes through up-regulation of anthocyanin-related genes (CHS, CHI, F3H). In addition, ethephon and 1-methylcyclopropene were found to inhibit flavonoid accumulation in fresh-cut CWCs by down-regulating CwCHS1 and CwCHI1 expression in fruit (Xu et al., 2023b). However, MeJA has hitherto not been applied to fresh-cut CWCs preservation.

Given the various factors contributing to the yellowing of fresh-cut CWCs, including enzymatic browning, active oxygen metabolism, membrane lipid metabolism, and flavonoid accumulation (Pan et al., 2015; Zhu et al., 2022a), we hypothesized that MeJA may delay changes in the appearance of fresh-cut CWCs through these pathways. Consequently, the aim of our study was to assess the effect of MeJA on fresh-cut CWCs and its mechanisms by measuring basic quality indicators, relevant indicators of antioxidant system and reactive oxygen species metabolism, and expression of genes related to the phenylpropane metabolic pathway. We also provided insights that may prove valuable for the application of MeJA in preserving the quality of other food products.




2 Materials and methods



2.1 Materials and treatment

CWCs were procured from a local market and pre-cooled at 4°C for 24 h. The laboratory was sterilized with ozone under completely closed conditions for two hours before commencing the experiment. Following washing and peeling, fresh CWCs with intact, thick, hard, and dark brown peels, measuring 35–45 cm in diameter and devoid of external damage, internal diseases, or pests, were selected for subsequent experiments. Based on prior experiments, we established an immersion duration of 10 minutes (Xu et al., 2020; Duan et al., 2022). We subsequently conducted experiments to determine the optimal MeJA concentration. Fresh-cut CWCs were immersed in MeJA solutions at 10, 20, 50, and 100 μM for 10 min, with 20 μM MeJA yielding superior inhibition of yellowing compared to other groups. Subsequent experiments were conducted in accordance with this result.

The selected CWCs were randomly divided into treatment and control groups after immersing them in a 0.1% NaClO solution for 5 minutes. The treatment group was immersed in a 20 μM MeJA solution (containing 1% anhydrous ethanol for dissolution), while the control group was immersed in distilled water containing 1% anhydrous ethanol. After 10 min of immersion, all CWCs were removed to allow drying. Each group of two CWCs was sealed in a polyethylene bag (200 × 280 mm) containing a polyethylene tray (180 × 120 × 25 mm) (Xu et al., 2023a). Subsequently, all samples were stored at 10°C and analyzed daily. The sample tissues were frozen in liquid nitrogen and stored in -80°C for backup.




2.2 Appearance and degree of browning

Camera photography was employed to assess the appearance of fresh-cut CWCs using images (Canon, EOS550D). The L*, a*, and b* values were determined using a JZ-300 colorimeter (Shenzhen Jinzhun Instrument Equipment Co., Ltd., China). The color difference (,E) was calculated using the following equation:

	

While L0, a0, and b0 were all values on the 0th day, L*, a*, and b* were readings at each sampling point during the storage period. Measurement of the degree of browning was in accordance with the method of Min et al. (2017) and was expressed as A410 nm ×10.




2.3 Weight loss rate, total soluble solids content, O2 and CO2 content in bags

Weight loss rates of fresh-cut CWCs were evaluated using the weighing method as described by Wu et al. (2024). The measurement of total soluble solid content was referenced from a study by Xu et al. (2022). Tissues weighing 10 g were manually ground and filtered through a fine cotton gauze. Subsequently, total soluble solids were assessed using a portable refractometer (Wu et al., 2024).

According to Wu et al. (2024), O2 and CO2 contents in bags of fresh-cut CWCs were determined using a portable headspace analyzer (Checkpoint 3, Mocon, Denmark).




2.4 Total phenolics, total flavonoid, and soluble quinone content

The total phenolics content (TPC) was determined using the method of Min et al. (2017), and the results were quantified with standard gallic acid samples, presented in mg·kg-1. The determination of soluble quinone and total flavonoid content (TFC) followed the procedure outlined by Xu et al. (2022). Their absorbance was measured at 437 nm and 510 nm, and the results were presented as A437 nm·g-1 and mg·kg-1, respectively.




2.5 PAL, PPO, and POD activities

PAL, PPO and POD activities were assessed according to previous descriptions (Min et al., 2019). The variation of PAL, PPO and POD activities were measured at 290, 420 and 470 nm per minute. Defined as the amount of enzyme required per gram of fresh weight for a change in absorbance value (0.1, 0.001 and 0.01), respectively, the results were expressed as U•g-1.




2.6 O2•- and OH•- generation rate, H2O2 and malondialdehyde (MDA) content

O2·- generation rate was performed as described by Chen et al. (2022), and the results are rendered in nmol·g-1·min-1. OH·- generation rate and H2O2 content were evaluated using OH·- and H2O2 kits (Nanjing Jianjian Bioengineering Research Institute Co., Ltd., Nanjing, China), and the results are presented in mmol·g-1·min-1 and mmol·g-1, respectively. MDA content was measured in accordance with Xu et al. (2022) and expressed in μmol·g-1.




2.7 SOD and CAT activities

Based on the description of Chen et al. (2022), changes in activity were evaluated using SOD and CAT kits (Nanjing Jianjian Bioengineering Research Institute Co., Ltd., Nanjing, China), and the results are rendered in U•g-1.




2.8 Expression of genes related to phenylpropane metabolic pathway

According to our previous study, the sequences of genes encoding key enzymes of the phenylpropanoid pathway were obtained based on the NCBI database (CwCHS1、CwCHS2、CwCHS3、CwCHI2) (Xu et al., 2023b). Extraction of RNA from CWCs and cDNA synthesis and qRT-PCR reactions were performed as described by Xu et al. (2023b). Three biological replicates were performed for each sampling site. The internal reference gene in this study was CwActin (MG742687.1). Primer sequences were designed using Primer 5.0 software (Supplementary Table 1).




2.9 Statistical analysis

The experiment was repeated three times and the results were expressed as mean ± standard error. Comparisons of means between groups were analyzed by one way analysis of variance (ANOVA) using SPSS 19 followed by Duncan’s test. p < 0.05 indicates statistical significance.





3 Results



3.1 The effect of MeJA on appearance, color change, and browning degree

Appearance quality and color of fruits are critical factors in assessing its quality (Zhu et al., 2022b) and significantly influence consumer purchasing decisions. As shown in Figure 1A, fresh-cut CWCs exhibited significant yellowing during storage. The CWCs in the control group displayed pronounced yellowing on the third day, while CWCs soaked in MeJA exhibited less discoloration. Severe yellowing appeared on the surface of the control group in the last two days, whereas discoloration in the MeJA-treated group was significantly inhibited. As shown in Figure 1B, the browning degree of fresh-cut CWCs gradually increased with time. On day 5, the browning degree increased 2.26-fold in the MeJA group and 3.24-fold in the CK group compared to day 0. The MeJA group consistently exhibited significantly less browning than the control group.




Figure 1 | The effect of MeJA treatment on the appearance (A), browning degree (B), color change (C-E), and ,ΔE value (F) of fresh-cut CWCs. Error bars represent the standard error of three biological replicates. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.



The color difference values reflect the color change of fresh-cut CWCs in numerical form (Wu et al., 2024). The L* value of fresh-cut CWCs decreased continuously during storage, but the MeJA-treated group remained consistently higher than the control group (p < 0.05) (Figure 1C). As shown in Figures 1D, E, the a* and b* values of CWCs increased continuously, and those of the MeJA group were significantly lower than the control group in the last three days. Compared to the control, MeJA significantly suppressed the decrease in L* values as well as the increase in a* and b* values of fresh-cut CWCs. During storage, the ,E value of the MeJA treatment group was always lower than that of the CK group, with an overall increasing trend, which was consistent with the appearance and browning results (Figure 1F). The results indicated that MeJA treatment could effectively delay the browning of fresh-cut CWCs.




3.2 The effect of MeJA on soluble solids content, weight loss rate, and headspace gas composition in bags

The transition from fruit ripening to aging is often accompanied by decreased soluble solids content (Wu et al., 2024). As shown in Figure 2A, the soluble solid content initially increased and then decreased. The CK group reached its peak on day 2 and then experienced a sharp decline, while fresh-cut water chestnuts treated with MeJA soaking peaked on the third day. On day 5, the soluble solid content of the MeJA group decreased by 5.20% compared to the initial value, while that of the CK group decreased by 20.55%. MeJA resulted in a smoother and delayed decrease in the soluble solid content of CWCs compared to the control. The weight loss rate continuously increased, as depicted in Figure 2B, but MeJA suppressed this trend compared to the CK group. In summary, MeJA could effectively inhibit the reduction of weight and soluble solids in fresh-cut CWCs.




Figure 2 | The effect of MeJA treatment on the soluble solids content (A), weight loss rate (B), O2 content (C) and CO2 content (D) of fresh-cut CWCs. Error bars represent the standard error of three biological replicates. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.



The headspace gas in the bags can indirectly reflect the respiration intensity of fresh-cut CWCs (Chen et al., 2022). Fresh-cut CWCs showed a gradual decrease in O2 content and a gradual increase in CO2 content (Figures 2C, D). Starting from day 3, MeJA effectively suppressed this change compared to the control, indicating that MeJA could effectively inhibit the respiration of fresh-cut CWCs.




3.3 The effect of MeJA on TPC, soluble quinone content, and TFC

Phenolic compounds can be converted to quinones through reactions catalyzed by PPO and POD in the presence of oxygen, forming brown pigments (Teng et al., 2020). Both TPC and soluble quinone contents of freshly cut CWCs exhibited an increasing trend, but those of the MeJA group increased to a lesser extent than the control (Figures 3A, B).




Figure 3 | The effect of MeJA treatment on the soluble phenolics content (A), soluble quinone content (B), and total flavonoid content (C) of fresh-cut CWCs. Error bars represent the standard error of three biological replicates. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.



Pan et al. (2015) proposed that the yellowing of fresh-cut CWCs was due to the accumulation of flavonoids. In Figure 3C, the TFC of freshly cut CWCs increased rapidly with time. On day 5, TFC in the CK group increased by 69.44% compared to day 0, while the MeJA-treated group had only increased by 50.71%. MeJA significantly inhibited the increase in TFC compared to the control (p < 0.05). In conclusion, MeJA could delay the surface yellowing of fresh-cut CWCs by reducing the accumulation of soluble quinone and TFC.




3.4 The effect of MeJA on PAL, PPO, and POD activities

When plants experience mechanical damage, the activity of PAL in their tissues increases, enabling plants to produce more phenolics (Min et al., 2017). These phenolics react with O2 to produce quinones, catalyzed by PPO and POD, leading to the browning of fruits and vegetables (Liu et al., 2018a). According to Figures 4A–C, PAL and POD activities showed an increasing trend, while PPO activities continued to decrease. On day 5, PAL and POD activity in the control group increased by 4.75-fold and 2.35-fold compared to the initial values, while in the MeJA group, they increased by only 3.39-fold and 1.48-fold. Except for day 0, MeJA consistently and significantly maintained PAL, PPO, and POD activities at lower levels than the control throughout this period.




Figure 4 | The effect of MeJA treatment on the activities of PAL (A), PPO (B), and POD (C) of fresh-cut CWCs. Error bars represent the standard error of three biological replicates. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.






3.5 The effect of MeJA on O2•- and OH•- generation rate, H2O2 and malondialdehyde (MDA) content

An increasing body of evidence suggests that abiotic stress, such as mechanical injury or cold, induces the production of ROS in plants, including O2·-, OH·-, H2O2, and lipid peroxides, disrupting metabolic homeostasis and potentially causing oxidative stress an·d cell damage (Xu et al., 2023a). Excess ROS can increase cell membrane permeability, lipid peroxidation, and DNA mutation, resulting in oxidative stress and cell damage (Apel and Hirt, 2004). Oxidative stress can stimulate the biosynthesis of flavonoids (Li et al., 2022), further promoting the yellowing of fresh-cut CWCs.

As shown in Figure 5A, the OH·- production rate reached its peak or sub-peak on the first day due to mechanical damage. The production rate of both groups decreased substantially on the first day and reached essentially the same level. From the first day, the OH·- production rate increased sharply in both treatment groups, although it consistently remained significantly lower in the MeJA group than the CK group. Both groups exhibited a fluctuating decrease in the O2·- generation rate (Figure 5B). From day 0 to day 2, the O2·- generation rate decreased continuously and then increased. The MeJA group began to decline on the third day, while the CK group began to decline after peaking on the fourth day. MeJA significantly inhibited the O2·- generation rate compared to the control.




Figure 5 | The effect of MeJA treatment on the OH·- generation rate (A), O2·- generation rate (B), H2O2 content (C) and MDA content (D) of fresh-cut CWCs. Error bars represent the standard error of three biological replicates. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.



The H2O2 content increased with time (Figure 5C). Ultimately, the H2O2 content in the MeJA group was 2.20-fold higher than on day 0, whereas that in the control group was 3.18-fold higher. MeJA significantly inhibited the accumulation of H2O2 from the first day. MDA is used to characterize the extent of oxidative damage to cell membranes (Wu et al., 2024). The MDA content of fresh-cut CWCs increased during storage (Figure 5D). MeJA significantly inhibited the accumulation of MDA in fresh-cut CWCs during storage, except on the first day. At the end of storage (5d), the MDA content of the CK group was 1.50 times higher as compared to the MeJA-treated group.




3.6 The effect of MeJA on SOD and CAT activities

Excessive ROS can lead to cellular damage and even apoptosis, while highly active antioxidant enzymes can mitigate the damage caused by ROS and maintain the relative balance of ROS metabolism. SOD catalyzes the conversion of O2·- to H2O2, and CAT can convert H2O2 to O2 and H2O, helping maintain the cellular environment’s relative stability and protect cells from ROS (Kong et al., 2020). Both SOD and CAT activities exhibited a wave-like decreasing trend (Figure 6). SOD activity decreased sharply during the early storage stages, then increased and decreased slightly from day 3 to 5 (Figure 6A). Overall, MeJA enhanced the SOD activity of fresh-cut CWCs.




Figure 6 | The effect of MeJA treatment on the activities of SOD (A) and CAT (B) of fresh-cut CWCs. Error bars represent the standard error of three biological replicates. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.



As shown in Figure 6B, CAT activity in the MeJA group was significantly higher than that in the CK group as a whole and peaked at day 4.In short, MeJA also improved the CAT activity of fresh-cut CWCs.




3.7 Gene expression levels

In this experiment, in order to investigate the mechanism by which MeJA can delay surface discoloration and quality deterioration of fresh-cut CWCs during storage, CwCHS and CwCHI2 genes were obtained for qPCR analysis using the materials of this experiment (fresh-cut CWCs). In the phenylpropane pathway, CHS and CHI are important precursors and key enzymes for flavonoid synthesis (Song et al., 2019). During the storage period, the expression levels of CwCHS1 and CwCHI2 genes showed an overall increasing trend, but were significantly lower in the MeJA-treated group compared with the CK group (Figure 7). As can be seen from Figures 7A, C, the MeJA group significantly down-regulated the expression of CwCHS1 and CwCHS3 genes in fresh-cut CWCs compared to the CK group (2–5 d). However, the expression level of CwCHS2 gene was significantly higher in the CK group than in the MeJA group except for day 2, and the MeJA group significantly down-regulated the expression of CwCHI2 gene in the later stages of storage (3–5 d). The CwCHS2 and CwCHI2 gene expression levels in the CK group were 5.02 and 2.97 times higher than those in the MeJA group (5 d), respectively (Figures 7B, D). The results indicated that MeJA inhibited the accumulation of flavonoids in fresh-cut CWCs probably by down-regulating the expression of CwCHS1, CwCHS2, CwCHS3 and CwCHI2, which delayed the surface discoloration of fresh-cut CWCs.




Figure 7 | Gene expression of CwCHS1 (A), CwCHS2 (B), CwCHS3 (C), and CwCHI2 (D) in MeJA-treated fresh-cut CWCs. *、**、***: represent the level of difference between MeJA group and CK group is p < 0.05、p < 0.01、p < 0.001, respectively.






4 Discussion

People generally assess the freshness of fruits and vegetables based on sensory qualities such as appearance, smell, texture, and taste (Xu et al., 2023a), a principle that especially applies to fresh-cut products. Due to mechanical damage and the loss of their protective outer layer after peeling, water chestnuts are prone to browning when exposed to air, significantly shortening their shelf life (Xu et al., 2022). Among our findings, the immersion of fresh-cut CWCs in 20 μM MeJA for 10 min notably suppressed yellowing, supported by the L*, a*, b* values and the degree of browning. MeJA treatment has also been observed to effectively inhibit browning in other produce, such as litchi fruit (Deshi et al., 2021), thereby corroborating our findings.

The enhanced respiration and transpiration in fresh-cut CWCs, resulting from loss of their outer skin protection, make them more vulnerable to water loss during storage. Mechanical damage compromises cellular integrity, accelerating the loss of internal nutrients and exacerbating weight loss. Soluble solids content has been acknowledged to be a vital quality indicator (Liu et al., 2023). O2 and CO2 content can reflect respiratory intensity to a certain extent (Chen et al., 2022). MeJA has previously been shown to attenuate respiration and delay the weight loss of pomegranates (Garcia-Pastor et al., 2020). Our study also found that MeJA inhibited the respiration of fresh-cut CWCs, reducing weight loss and suppressing changes in soluble solid content, consistent with findings from studies on MeJA-treated ‘Kinnow’ mandarins (Baswal et al., 2020), and jujubes (Dong et al., 2016).

The increase in PAL activity promotes the formation and accumulation of phenolic compounds (Pen and Jiang, 2004; Kong et al., 2021). Our study observed a concurrent rise in PAL activity and TPC in fresh-cut CWCs, consistent with existing literature (Xu et al., 2022). Enzymatic browning results in the increased soluble quinone content in plant tissues (Teng et al., 2020). Numerous studies have shown that the total flavonoid content of fresh-cut CWCs increases with progressing yellowing (Li et al., 2016). In our study, the soluble quinone content, TPC, and TFC of fresh-cut CWCs gradually increased, yet MeJA suppressed this trend, maintaining a significantly lower degree of yellowing in appearance compared to the control. Several studies have suggested that the reduction of relevant pigment substances in plants, including flavonoids, carotenoids, total phenolics, chlorophylls, and anthocyanins, is the primary cause of postharvest discoloration in certain fresh produce (Zhang et al., 2023b). Huang et al. (2022) indicated that combining malic acid and lycopene could effectively alleviate the reduction of anthocyanins, flavonoids, and phenols, resulting in a more vibrant litchi peel. Similarly, Zhang et al. (2023a) concluded that salicylic acid inhibits the degradation of pigments, resulting in Longan peel containing more flavonoids, total phenols, carotenoids, and other pigment substances, thereby maintaining stable peel color. To some extent, these studies support our findings, suggesting that the reduction of TPC and TFC can delay the yellowing of fresh-cut CWCs, and MeJA seems effective in this regard.

Song et al. (2019)showed that PPO and POD, as key enzymes in the oxidation of phenolics, are one of the main causes of browning degree in fresh-cut fruits and vegetables. Meanwhile, SOD as an antioxidant enzyme played a key role in delaying the quality decline of fresh-cut fruits and vegetables. PPO exhibits high activity in damaged fruits and vegetables, promoting the conversion of polyphenols to quinones. On the other hand, POD catalyzes the oxidative polymerization of phenolics and flavonoids in fruits and vegetables in the presence of H2O2, leading to browning (Liu et al., 2018a). Studies on eugenol emulsion inhibiting the yellowing of fresh-cut CWCs by reducing enzyme activities (PPO, POD, especially PAL) and decreasing phenolic and quinone formation have been documented (Teng et al., 2020). Cai et al. (2024) showed that MeJA-loaded biofilm treatment inhibited POD activity and MDA content in loquat fruits, thereby slowing down their quality deterioration, which is similar to the results of the present study. Chitosan coating has been reported to effectively inhibit the discoloration of fresh CWCs, mainly by reducing the oxygen supply to freshwater chestnuts and inhibiting PAL, PPO, and POD activities (Pen and Jiang, 2003). Zhang et al. (2022) found that Aurone inhibited the yellowing of CWCs by reducing POD activity. Our research observed that MeJA inhibited PAL, PPO, and POD activities, accompanied by a decrease in TPC, TFC, and soluble quinones. Song et al. (2019) showed that ferulic acid treatment of fresh-cut CWCs significantly down-regulated the expression levels of CwCHI1, CwCHS1, and CwCHS2, which delayed the cut surface yellowing of fresh-cut CWCs. In this study, we found that the expression of CwCHS1, CwCHS2, CwCHS3 and CwCHI2 was significantly down-regulated in MeJA-treated freshly cut CWCs (Figure 7). This is consistent with the results of Xu et al. (2023b). We hypothesized that CwCHS1, CwCHS2 and CwCHS3 might be the key genes involved in the regulation of flavonoid accumulation by MeJA treatment. And CwCHI2 may play a role in the late storage stage, thus inhibiting flavonoid accumulation in fresh-cut CWCs and achieving the purpose of delaying the surface discoloration of fresh-cut CWCs.

Plants naturally produce some reactive oxygen species during normal physiological metabolism (You et al., 2012). For example, as oxygen enters plant cells through respiration, it receives electrons to produce O2·-, which then transforms into H2O2 and OH·-. The content of ROS is usually balanced by the antioxidant system (Kong et al., 2020). However, certain stresses lead to a significant generation of ROS, disrupting the ROS balance and resulting in cell membrane damage, accelerating fruit oxidation and quality deterioration (Wang et al., 2023). SOD can catalyze the transformation of O2·- into H2O2, while CAT can convert H2O2 into O2 and H2O, reducing cell membrane damage (Liu et al., 2023). During storage, the production rate of OH·-and the content of H2O2 and MDA in fresh-cut CWCs increased continuously, but those in the MeJA group were consistently lower than in the control. The O2·- generation rate trend differed from other substances, showing an increase followed by a decrease. When analyzed in conjunction with the results, it could be explained by the initial decrease and subsequent increase in SOD activity. MeJA increased SOD activity, facilitating the conversion of O2·-, resulting in a slower O2·- generation rate in the MeJA group. The increase in CAT activity in the MeJA group promoted the decrease in H2O2 content. In summary, the reduction of ROS and the enhancement of antioxidant capacity mitigated the oxidative damage to cell membranes, consequently reducing the production of MDA in the MeJA group. MeJA has been reported to activate SOD and CAT activities to maintain the quality of produce, such as blueberries (Wang et al., 2019a), which aligns with our results.





5 Conclusions

In conclusion, immersing freshly cut CWCs in 20 μM MeJA for 10 minutes effectively delays surface yellowing, inhibits respiration, reduces weight loss, and maintains soluble solid content during storage. MeJA also reduces the accumulation of TPC, soluble quinones by suppressing PAL, PPO, and POD activities, and significantly slows down the generation rates of O2·- and OH·-, reduces H2O2 and MDA content by increasing SOD and CAT activities. Also, MeJA inhibited the synthesis of flavonoids in fresh-cut CWCs by down-regulating the expression of genes related to the phenylpropane metabolic pathway (CwCHS1, CwCHS2, CwCHS3 and CwCHI2). Ultimately, MeJA effectively retards surface yellowing and maintains the quality of fresh-cut CWCs by reducing flavonoid production and enhancing antioxidant capacity.
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Actin depolymerizing factors (ADFs), as the important actin-binding proteins (ABPs) with depolymerizing/severing actin filaments, play a critical role in plant growth and development, and in response to biotic and abiotic stresses. However, the information and function of the ADF family in melon remains unclear. In this study, 9 melon ADF genes (CmADFs) were identified, distributed in 4 subfamilies, and located on 6 chromosomes respectively. Promoter analysis revealed that the CmADFs contained a large number of cis-acting elements related to hormones and stresses. The similarity of CmADFs with their Arabidopsis homologue AtADFs in sequence, structure, important sites and tissue expression confirmed that ADFs were conserved. Gene expression analysis showed that CmADFs responded to low and high temperature stresses, as well as ABA and SA signals. In particular, CmADF1 was significantly up-regulated under above all stress and hormone treatments, indicating that CmADF1 plays a key role in stress and hormone signaling responses, so CmADF1 was selected to further study the mechanism in plant tolerance low temperature. Under low temperature, virus-induced gene silencing (VIGS) of CmADF1 in oriental melon plants showed increased sensitivity to low temperature stress. Consistently, the stable genetic overexpression of CmADF1 in Arabidopsis improved their low temperature tolerance, possibly due to the role of CmADF1 in the depolymerization of actin filaments. Overall, our findings indicated that CmADF genes, especially CmADF1, function in response to abiotic stresses in melon.




Keywords: genome-wide identification, CmADF1, low temperature, oriental melon, Arabidopsis





Introduction

Melon (Cucumis melo L.), originated from tropical zone, is a worldwide fruit with high edible value and economic value, and is sensitive to low temperature. Under the influence of the environment and climate in the northern region, the oriental melon cultivated in facilities in winter and spring is often affected by low temperature, which seriously deteriorates their edible quality and commercial value, and even no harvest (Zhang et al., 2017). Low temperature has become an important limiting factor for facility cultivation of oriental melon in winter and spring.

In the process of resisting unfavorable conditions, plants have evolved strategies to protect themselves (Ding et al., 2019). The cytoskeleton is closely related to various environmental stimuli (Wang et al., 2011; Sengupta et al., 2019; Byun et al., 2021). Actin filaments are a major member of cytoskeleton and play an important role in stress responses (Zhang et al., 2010; Wang et al., 2011; Ye et al., 2013; Fan et al., 2016). Depolymerization of actin filaments in Arabidopsis plants under salt and osmotic stress can improve plant tolerance (Zhang et al., 2010; Wang et al., 2011; Ye et al., 2013). Pokorná et al. (2004) found that in 3-day-old BY-2 cells exposed at 0°C for 12 hours, actin filaments disintegrated completely, or turned into few in number, short, and sometimes branched filaments, actin bars or dots. The findings of Fan et al. (2015; 2016) suggest that actin cytoskeleton plays a key role in the tolerance of Arabidopsis seedlings to low temperature and heat stress, and specific members of actin depolymerizing factors (ADFs) may be involved in regulating plant response to low temperature and heat stress. Destabilizers of actin filaments and microtubules cause the activation of cold-inducible Brassica napus BN115 (Sangwan et al., 2001). However, the molecular mechanism of the dynamic change of actin filaments under low temperature is poorly understood.

The dynamic reorganization of intracellular actin filaments is regulated by a large number of ABPs with different functions (Hussey et al., 2006; Huang et al., 2011; Roland et al., 2008), in which ADFs are considered to be an important regulator of actin filaments changes (Maciver and Hussey, 2002; Bamburg and Bernstein, 2008). ADF is abundant and highly conserved in all eukaryotes, and plays an important role in plant growth and development as well as in response to multiple biotic and abiotic stresses (Andrianantoandro and Pollard, 2006; Dong et al., 2001, 2013). The functions of ADFs in Arabidopsis have been studied in vivo extensively. For example, AtADF1 can affect plants growth, development and morphogenesis (Dong et al., 2001), and participate in high temperature and salt stress processes (Wang et al., 2021, 2023). AtADF2 is required for normal cell growth and plant development, and its mediated actin dynamic is essential for root-knot nematode infection of Arabidopsis (Clément et al., 2009). AtADF4 relates to plants growth and development (Peng and Huang, 2006), plays a role in regulating hypocotyl growth, response to osmotic (Yao et al., 2022) and drought stresses (Zhao et al., 2016), and improves disease resistance of Arabidopsis to bacterium DC3000AvrPphB (Tian et al., 2009). AtADF5 is important for pollen germination and pollen tube growth (Zhu et al., 2017), promotes stomatal closure by regulating actin cytoskeleton remodeling under ABA and drought stresses (Qian et al., 2019), and improves the basal and acquired freezing resistance of Arabidopsis (Zhang et al., 2021). AtADF7 and AtADF10 are involved in pollen development and pollen tube growth (Daher and Geitmann, 2012; Zheng et al., 2013). Under osmotic stress, AtADF7 inhibited actin bundling protein VILLIN1 regulation of root hair formation (Bi et al., 2022). In addition, ADFs from barley and wheat have been shown to be related to plant resistance to various pathogens (Miklis et al., 2007; Fu et al., 2014; Inada et al., 2016). TaADF4 and TaADF7 from wheat play a stimulative role in resistance to the stripe rust infection (Zhang et al., 2017; Fu et al., 2014). TaADF3 negatively regulates wheat resistance against Puccinia striiformis (Tang et al., 2016). Increasing evidence has shown that ADFs play an important role in response and tolerance to various stresses (Huang et al., 2012; Xu et al., 2021). Drought resistance of OsADF3 in rice transgenic Arabidopsis is enhanced (Huang et al., 2012). AtADF5 improves the basal and acquired freezing resistance of Arabidopsis (Zhang et al., 2021). Overexpression of TaADF16 significantly improved the tolerance of transgenic plants to freezing stress (Xu et al., 2021). DaADF3 in Deschampsia antarctica enhanced the cold tolerance of transgenic rice plants (Byun et al., 2021). In the process of wheat cold acclimation, an ADF gene is induced, and the increased resistance to freezing shows that the ADF protein may be required in reorganization of the cytoskeleton under low temperatures (Ouellet et al., 2001). In short, more and more plant ADFs have been functionally characterized, while ADFs in oriental melon have not been reported.

In this study, we identified 9 CmADF genes in oriental melon and found that they were similar to homologue AtADF genes in sequence, structure, important site and tissue expression through analysis of their biological information and tissue expression. Further stress expression patterns showed that CmADFs responded to low temperature, high temperature, ABA and SA signals, especially under SA treatment, all CmADFs were dramatically up-regulated by approximately ten to hundreds of times. CmADF1 was significantly upregulated under all the above treatments, especially during 24 h of low temperature treatment, and maintained high expression, which provides the functional implication of CmADF1 in low temperature response. Further studies on the phenotype and actin filaments organization of Arabidopsis seedlings overexpressing CmADF1 under low temperature, as well as phenotype analysis and physiological identification of CmADF1 gene silenced oriental melon seedlings, indicated that CmADF1 affected the process of actin filaments depolymerization and played an important role in plant adaptation to low temperature stress.





Materials and methods




Plant materials, growth conditions, and stress treatments

The low temperature tolerant genotype Oriental melon ‘ LT-6 ‘ was provided by the Vegetable Research Institute of Liaoning Academy of Agricultural Sciences, and the CmADF1 silent plant was obtained by VIGS technology. The Oriental melon grew at 25/20°C (light 16 h/darkness 8 h) to two-leaf stage and was subjected to low temperature (4°C), high temperature (40°C), ABA (100 μM) and SA (100 μM) treatment for stress expression analysis. The second true leaves were sampled at 0, 3, 6, 12 and 24 h after treatment. Tissues of two-month-old plants, including roots, stems, young leaves, pistillate and staminate flowers, were collected for tissue expression analysis. The silenced plants of CmADF1 (TRV-A) were treated at 4°C at the two-leaf stage to observe the phenotype and analyze the physiological indexes.

The Arabidopsis thaliana plants used in this study have a Columbia background. Atadf1 (The T-DNA insertion mutant) (SALK_144459) was obtained from ABRC, and the fABD2-GFP material was donated by China Agricultural University (Wang et al., 2021). The Arabidopsis overexpression materials (CmADF1-OE and pCmADF1::GUS) were constructed by our laboratory. The seeds of WT and CmADF1-OE with 4°C vernalization for 3 days were seeded on 1/2 MS medium (Wang et al., 2023), and cultured in a 22°C incubator with a light/dark cycle of 16 h/8 h. After 14 days, the seedlings were placed in incubators at 22°C and 4°C for 0, 24 and 48h respectively, and the leaf area was counted by Image J software. WT and CmADF1-OE plants grown under normal conditions for 9 days were treated at 4°C for 12 h, and the morphology of actin filaments in leaves was observed.





Identification of the ADF gene family in oriental melon

To identify the ADF gene family members in oriental melon, amino acid sequences of 11 ADFs in Arabidopsis with ADF-H (Actin-Depolymerizing Factor Homology) domain were used as query sequences to search against the entire melon genome database (http://melonomics.net/) with the threshold E≤e-20 and default parameters by performing a BLASTP analysis. Then, the candidate sequences of ADF proteins in the melon genome were used repeatedly to search new ADFs. The longest protein sequence were selected when there were more than one predicted ADF proteins resulting from the alternative splicing by one gene. All identified ADF proteins were checked if they contained ADF-H domain by SMART (http://smart.embl-heidelberg.de/) analysis and hidden Markoy model analysis with PF00241 (http://pfam.xfam.org/family/PF00241). The protein sequences and genome sequences of CmADFs are downloaded from the Melon Genome database. CmADF paralogous genes to AtADF were named for the corresponding AtADFs. Molecular weight (kDa) and isoelectric points (pI) were calculated by the pI/Mw tool at online ProtParam (http://web.expasy.org/protparam/). Subcellular localization was predicted by WoLF PSORT (https://www.genscript.com/tools/psort). We predicted the tertiary structure of the CmADF protein using SWISS-MODEI (http://swissmodel.expasy.org/) and displayed the images using PyMOL V2.3.2 software. The genomic DNA sequence of 2000 bp upstream of gene initiation codon (ATG) was used as the promoter sequence and submitted to the promoter analysis system PlantCARE (http://bioinformatics.psb.ugent.Be/webtools/plantcare/html/) to find all potential cis-acting elements.





Sequence alignment and phylogenetic analysis

The ADF amino acid sequences of melon, Arabidopsis, cucumber, watermelon, Cucurbita maxima and Cucurbita pepo were aligned using ClustalX 2.1 (Larkin et al., 2007). ESpript3.0 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) was used for image display. The unrooted phylogenetic tree was generated in MEGA6.0 using the neighbor-joining (NJ) method with 1000 bootstrap replicates (Tamura et al., 2013).





Chromosome localization and gene duplication

The chromosomal locations for each CmADF were determined according to melon genome information. Tandem and segmental duplications were determined using CoGe (https://genomevolution.org/CoGe/) online tool. Duplicated genes were linked using Circos software (http://circos.ca/). The non-synonymous substitution rate (Ka) and synonymous substitution rate (Ks) were calculated by DnaSp V5.0 (Librado and Rozas, 2009) software. The approximate time of each duplication event (T=Ks/2λ, λ=6.1×10-9) (Lynch and Conery, 2000) was estimated by Ks value.





Gene structure and conserved motif analysis of ADF in melon and Arabidopsis

According to structural information of ADF genes obtained from the gff3 files of melon and Arabidopsis genome databases, the intron-exon structures of each gene were drawn using GSDS (http://gsds.cbi.pku.edu.cn) online tool. MEME4.10.2 software (http://meme-suite.Org/tools/meme) was used to analyze the conserved motifs of ADF genes in melon and Arabidopsis. The maximum value of searched motif was set to 10, the length of motif was between 6 and 50, and other parameters were default values.





Total RNA extraction and real-time fluorescence quantitative PCR analysis

All total RNA was extracted by EasyPure Plant RNA Kit (Beijing Quanshi Jin Biotechnology Co., LTD.). 18S was selected as the internal control for RT-qPCR analysis. The primer sequences are shown in Supplementary Table 3. Roche Light Cycler 480 was used to detect the relative expression level of ADFs.





Overexpression and subcellular localization of CmADF1

The full-length CDS of CmADF1 was respectively cloned into the pSuper1300-GFP and pCAMBIA 1300 vectors to generate 35S::CmADF1-GFP and 35S::CmADF1, which were then introduced into the Agrobacterium tumefaciens strain GV3101. The primer sequences are listed in Supplementary Table 3. T3 transgenic homozygous lines were screened for confocal microscope observation and low temperature study. 35S::CmADF1-GFP was used to observe subcellular localization. 35S::CmADF1was used in subsequent low temperature stress studies.





Promoter activity analysis

CmADF1 promoter fragment containing the first intron of CmADF1 was cloned in pCAMBIA1300-221 vector to generate pADF1::GUS. Homozygous lines were used for promoter activity analysis. The positive seedlings growing for 9 days were treated at 4 °C for 0, 6, and 12 h, and GUS staining was performed. The primer sequences are listed in Supplementary Table 3.





Visualization and quantitative analysis of actin filaments

As previously reported, CmADF1-OE#8 plants were hybridized with fABD2-GFP plants, and homozygous plants were selected for subsequent experiments. Confocal microscopy (Nikon A1) with a 40×objective was used to observe actin filaments in pavement cells of cotyledons with a 488-nm laser. Image J was used to measure skewness, density, length and actin cables applied to quantify actin filaments in previous reports. All experiments were repeated 3 times. 30 individual seedlings from different genotypes and treatments were screened to collect more than 200 cells from 60 images.





Western blot assays

10-day-old CmADF1-GFP overexpressing Arabidopsis seedlings were used for Western Blot. As previously reported (Liu et al., 2013; Wang et al., 2020), GFP (a labeled protein) was analyzed by SDS-PAGE. Rubisco bands were used as loading controls.





Vector construction and infection of virus-induced gene silencing

The CmADF1 gene in oriental melon were silenced by VIGS. The specific primers containing EcoRI/KpnI cleavage sites were designed to generate pTRV2-CmADF1 (Supplementary Table 3 for the sequence of primers). The method of cotyledon infection was used. The cotyledons of the germinated oriental melon seeds were fully expanded about 5 days after sowing, and they could be infected. The detailed infection process was carried out according to the method of Liao et al. (2019). About 60 infected plants were randomly divided into 3 groups, and each plant was sampled separately after treatment at 4°C for 0, 6 and 12 h. The expression of CmADF1 in the leaves of VIGS plants was detected by agarose gel electrophoresis and RT-qPCR, and the plants with transcription level lower than 50% of that of the control plants were selected for subsequent experiments.





Determination of physiological and biochemical indexes and water loss rate

Relative electrolyte leakage (REL) and water loss was measured as described previously (Xing et al., 2020). The contents of soluble protein, proline, malondiald ehyde (MDA) and the activities of SOD, CAT and POD were determined with the relevant kit of Suzhou Mengxi Biomedical Technology Co., LTD. All experiments were repeated three times.






Results




Genome-wide identification and bioinformatics analysis of ADF gene family members in oriental melon

The ADF family member from Arabidopsis with the ADF-H domain (PF00241) was used for Blast search in the entire melon genome. 11 non-redundant putative ADF proteins were found, 3 of them were produced by one gene, which was subject to differential splicing, so we selected the longest protein sequence. Finally, 9 CmADF genes were identified by SMART and Pfam analysis, and they were named with the same names as their homologue AtADF genes. CmADF proteins contain 132 (CmADF8) to 146 (CmADF6) amino acids, and their physicochemical properties are shown in Supplementary Table 1.

To clarify the phylogenetic relationships and functional divergence of CmADF gene family members, amino acid sequences of ADF from Arabidopsis, melon and other Cucurbitaceae species (cucumber, watermelon, Cucurbita maxima and Cucurbita pepo) were used to construct the phylogenetic tree (Figure 1A). Accession numbers of the ADF genes in each species were shown in Supplementary Table 1. The results showed that 9 CmADFs were distributed in 4 subfamilies and located on six of the 12 melon chromosomes (Figure 1B). Two pairs of segmentally duplicated genes ADF7/10 and ADF1/4 were detected (Figure 1B).




Figure 1 | Phylogenetic relationship, Chromosomal location and duplication events, Sequence alignment, exon-intron structures of CmADFs. (A) Phylogenetic tree of ADF proteins from melon and other plants. Cucumis melon, Arabidopsis thaliana, Cucumis sativus, Citrullus lanatus subsp, Cucurbita maxima var, Cucurbita pepo subsp were represented by Cm, At, Cs, Cla, Cma and Cp, respectively. (B) Location and duplication events of 9 CmADF genes onto six melon chromosomes. The segmentally duplicated genes are linked by red lines. (C) Sequence alignment of CmADF and AtADF proteins. Pentagons indicate conserved sites that may bind to G-actin and F-actin, blue pentagons indicate the 6th serine site, and blue bar indicates the nuclear localization signal. (D) Exon-intron structures of ADFs in melon and Arabidopsis. The numbers indicates the length of exon. GT and AG indicate splicing sites.



As previously reported (Bowman et al., 2000), there are 5 β-strands and 3 central α-helices in the predicted tertiary structures of CmADFs (Supplementary Figure 1). A comparative analysis of the protein sequence and gene structure of the ADFs from melon and Arabidopsis showed that they contain the conserved serine-6 residue at the N-terminus (except CmADF5 and AtADF5 of which were replaced by threonine, and CmADF8 of which was deleted), conserved actin binding sites (R98/135/137 and K82/100 in AtADF1) (Dong et al., 2013) (Figure 1C), as well as conserved motifs (Supplementary Figure 2) and gene structure (Figure 1D). Exon-intron structures of ADFs in melon and Arabidopsis is very conservative (Figure 1D). The homologous ADFs of the two species were comprised three exons and two introns (except CmADF8) and same number of amino acids in the exons (except CmADF8 and AtADF1). The first exons of CmADFs and AtADFs in Subclass I and II (except CmADF8 and AtADF1) contained only 3 amino acids (start codon ATG), followed by a longer first intron (Figure 1D), while the ones of CmADFs and AtADFs in Subclass III and IV increased to 21 and 24 amino acids due to the alteration of the intron conserved clipping site (GT) after ATG (Figure 1D) and intron sliding (Nan et al., 2017).

Analysis of promoter sequences showed that in addition to many light response elements in all members, CmADF promoters contained several key defense and stress responsiveness, low-temperature responsiveness, and heat stress cis-acting elements and elements involved in the response to various hormones, such as abscisic acid (ABA), salicylic acid (SA), gibberellins (GA), auxin (IAA), ethylene, and methyl jasmonate (MeJA) (Supplementary Figure 3). It also contained DRE and MYB binding sites.





Expression pattern analysis of CmADFs in different oriental melon tissues

RT-qPCR was performed for analyzing the expression of CmADFs in different oriental melon tissues. The expression of CmADFs was clearly divided into two categories: CmADFs from subclass I, III and IV were expressed in all tissues, while CmADFs from subclass II were specifically expressed in flowers (Figure 2). Only CmADF1 was highly expressed in leaves, the other ADFs showed higher expression levels in male flowers and female flowers than that in roots, stems, and leaves. Compared with other CmADFs, CmADF2, CmADF3 and CmADF6 had extremely higher expression levels in all tissues.




Figure 2 | The expression of CmADFs in different Oriental melon tissues. The relative expression of CmADFs were determined by RT-qPCR, and 18S was used as an internal control. All values used for statistical analysis were the mean ± SD of three independently replicated experiments, and then a Tukey’s post-hoc test was performed using one-way ANOVA. Different lowercase letters indicate a significant difference.







Expression pattern analysis of CmADFs under low and high temperature stress

Temperature change is one of the main environmental stressors affecting the growth and yield of melon (Korkmaz and Dufault, 2004). In order to gain an insight into the potential function of CmADFs in unfavorable temperature conditions, we analyzed the expression of CmADFs in leaves of oriental melon seedlings at two-leaf stage under low and high temperature stress. The results showed that except for CmADF3/7/8, the expression of other CmADFs was induced by low temperature stress (Figure 3A). Among them, CmADF6 expression was the highest, and CmADF1 expression was high and stable. Under high temperature stress, the expression of CmADF1/3/4/7/8/10 was significantly induced, and the expression of CmADF10 increased the highest, while the expression of CmADF2/5/6 decreased, and CmADF2 continued to be significantly down-regulated, indicating that the expression of CmADFs was complex under high temperature stress (Figure 3B). Under low and high temperature, the expression of CmADF1/4/10 was all induced, but only CmADF1 was significantly up-regulated.




Figure 3 | The expression of CmADFs under low (4°C) (A) and high (40°C) (B) temperature treatments according to RT-qPCR. 18S was used as an internal control. The values are means ± SD from three independent replicate experiments (Student’s t-test, *P < 0.05,** p < 0.01,***P < 0.001). The significant difference is represented by asterisks.







Expression pattern analysis of CmADFs in ABA and SA stress

Considering that ABA and SA are the main hormones in plant adaptation to stresses, we analyzed the expression of CmADFs in leaves under ABA and SA stress. The results showed that after ABA treatment, only CmADF2 expression was down-regulated, and all the other CmADFs were up-regulated. Other genes reached the highest expression level at 6 h after treatments, except for CmADF8, which reached the peak value at 24 h (Figure 4A). Under SA stress, all CmADFs responded sharply at the beginning, increasing their expression with approximately 13-770 folds, and continued to be highly expressed until 24 h (Figure 4B). These results reveal that CmADFs respond to SA and ABA induction. Overall, CmADF1 was significantly upregulated in response to temperature and hormonal signals. At the same time, CmADF1 expression levels was high and stable under low temperature stress, indicating that CmADF1 plays an important role in environmental and hormonal signals. Therefore, CmADF1 was selected for the study of low temperature tolerance in plants.




Figure 4 | The expression of CmADFs under ABA (0.1 mM) (A) and SA (0.1 mM) (B) treatments according to RT-qPCR. 18S was used as an internal control. The values are means ± SD from three independent replicate experiments (Student’s t-test, *P < 0.05,** p < 0.01,***P < 0.001). The significant difference is represented by asterisks.







Subcellular localization of CmADF1

Transgenic Arabidopsis plants in T3 were observed by laser scanning confocal microscope for the localization and actin filaments binding of CmADF1. As shown in Figure 5, a large number of actin filaments bundle structures formed by CmADF1-GFP green fluorescent protein in the paver cells in the control group (Figures 5A, B). These actin filaments in the paver cells were shortened or disappeared after 50 nM LatB (microfilament depolymerization drug) treatment (Figure 5A). Moreover, the filamentous structure did not change after 50 nM Oryzalin (a microtubule depolymerization drug) treatment (Figure 5B), further indicating that CmADF1 specifically binds to actin filaments rather than microtubules in Arabidopsis.




Figure 5 | CmADF1 localization on actin filaments in melon. The leaves of 5-day transgenic Arabidopsis homozygous T3 plants were used for observation. (A) The actin filaments skeleton formed by CmADF1-GFP before (CK) and after Lat B treatment (50 nM). (B) The actin filaments skeleton formed by CmADF1-GFP before (CK) and after oryzalin treatment (50 nM). Scale bar = 25 μm.







Promoter activity analysis of CmADF1

It has been reported that AtADF1 plays an important role in stresses such as salt and high temperature stress (Wang et al., 2021, 2023). Our results showed that CmADF1 maintained a high expression in melon under low temperature conditions. Therefore, we investigated the mechanism of CmADF1 in melon adaptation to low temperature stress. Firstly, GUS staining was used to detect the effect of low temperature on the activity of CmADF1 promoter, and to further verify the expression pattern of CmADF1 gene under low temperature stress. After 4°C treatment, the color of pCmADF1::GUS plants deepened with the prolongation of treatment time, and the expression of CmADF1 was significantly up-regulated (Figure 6), demonstrating that low temperature promoted the activity of CmADF1 promoter.




Figure 6 | CmADF1 promoter activity analysis under low temperature treatment. Staining of pCmADF1::GUS transgenic Arabidopsis plants under low temperature for 0 h, 6 h and 12 h. Scale bar = 1 mm.







CmADF1 overexpression affects actin filaments stability under low temperature stress

ADF1 is an actin filament depolymerizing protein. To explore whether CmADF1 can regulate actin filaments under low temperatures, we constructed transgenic Arabidopsis overexpressed T3 homozygous lines (CmADF1-OE#6 and CmADF1-OE#8) (Supplementary Figure 4). The homozygous offsprings (CmADF1-OE#8) of CmADF1-OE#8 × fABD2-GFP were selected to observe actin filaments. Compared with WT, CmADF1-OE#8 seedlings had fewer actin filaments bundles, and more short filaments under both normal and low temperatures (Figures 7A, B). Consistent with the morphology of actin filaments, quantitative analysis of actin filament organization showed that the skewness value, bunting rate, fluorescence density and length of actin filaments in CmADF1-OE#8 were significantly lower than those in WT (Figure 7B), indicating that overexpression of CmADF1 caused the instability of actin filaments. Compared with normal conditions, the actin filaments in WT were shorter and finer under low temperature, indicating that low temperature induced the instability of intracellular actin filaments.




Figure 7 | CmADF1 increases the instability of actin filaments under low temperatures. The organization (A), Average fluorescence density, actin cable and average length (B) of actin filaments in WT and CmADF1-OE#8 plants under low temperature treatment. Indicators in (B) are measured based on images in (A). Values are means ± SD (At least 30 individual seedlings from different genotypes and treatments were used to collect more than 300 images). One-way ANOVA followed by a Tukey’s post-hoc test is used for statistical analysis. Different lowercase letters denoted significant differences. Scale bar= 25 μm.







CmADF1 overexpression enhance the low temperature tolerance in Arabidopsis

T3 CmADF1-OE#6 and T3 CmADF1-OE#8 seedlings were used to analyze the function of CmADF1 under low temperature (Figure 8). The phenotypes of 14-day-old WT, CmADF1-OE#6 and CmADF1-OE#8 seedlings were observed under normal (22°C) and low temperature (4°C) stress for 0, 24 and 48 h. There was no significant difference between WT and overexpressed plants before low temperature treatment. After treatment for 24 and 48 h, the leaves of WT plants shrunk significantly in size (Figures 8A–C) and lost more water (Figure 8D), compared with those of overexpressed plants. WT plants were more severely damaged than overexpressed plants after 48 h of treatment, with water-soaked spots on the leaves (Figure 8C).




Figure 8 | CmADF1-OE positively regulates low temperature tolerance of Arabidopsis. Plant Phenotype (A), Leaves Phenotype (B), Leaves Area (C), Water loss rate of plants (D) of CmADF1 transgenic seedlings under low temperature treatment. 14-day-old seedlings of WT, CmADF1-OE#6 and CmADF1-OE#8 were placed in normal temperature (22°C) and low temperature (4°C) chamber for 0, 24 and 48 h. At least 60 leaves from 30 seedlings were measured in (C) and at least 400 seedlings were measured in (D). One-way ANOVA followed by a Tukey’s post-hoc test is used for statistical analysis. Different lowercase letters denoted significant differences. Scale bar=1cm in (A), Scale bar=1mm in (B).



CmADF1-OE seedlings showed superior resistance by less damage to low temperature stress with more fine actin bundles and short filaments than WT seedlings (Figures 7A, B), which implicated that CmADF1 enhanced plant tolerance to low temperature by regulating actin filaments organization.

CmADF1-Silenced Plants are Sensitive in response to Low Temperature

The expression level of CmADF1 was detected by RT-qPCR when the CmADF1 gene silencing (TRV-A) plants obtained by VIGS technology had two leaves, and TRV-A plants with high silencing efficiency were selected for subsequent research (Figure 9A). Under optimal temperature control conditions, no significant difference in growth between TRV-A and control plants was observed (TRV-0) (Figure 9B). After treatment at 4°C for 6 and 12 h, TRV-A plants suffered more serious damage than TRV-0 plants, and their leaves shrunk more seriously and lost more water (Figures 9B–D). Compared with TRV-0 plants, the relative electrolyte leakage (REL) and malondialdehyde content of TRV-A plants were higher, while the contents of soluble protein and proline and the activities of SOD, POD and CAT were lower, reaching a significant level at 12 h (except for REL) (Figure 9E), illustrating that silencing CmADF1 reduced the low temperature tolerance of oriental melon.




Figure 9 | The silencing of CmADF1 in oriental melon seedlings by virus-induced gene silencing (VIGS) increased its sensitivity to low temperature. CmADF1 expression (A), Plant phenotype (B), Water loss rate of leaves (C), Leaves (D), the relative electrolyte leakage (REL), malondialdehyde (MDA), Soluble protein and proline content (PRO), SOD, POD and CAT activity (E) of TRV-0 (control) plants and TRV-A (CmADF1-silenced) plants under low temperature treatment. Scale bar=1 cm.








Discussion




Highly conservative CmADF genes in oriental melon

Since the ADF gene was discovered in the early 1980s, more and more ADFs had been found gradually in different species. In eukaryotic cells, ADFs were encoded by polygene families, which were abundant in plants (Maciver and Hussey, 2002). The reported plant ADF families includes 11 ADFs in Arabidopsis (Ruzicka et al., 2007), rice (Feng et al., 2006) and tobacco (Khatun et al., 2016), 13 ADFs in maize (Huang et al., 2020), 25 ADFs in wheat (Xu et al., 2021) and 18 ADFs in soybean (Sun et al., 2023). The ADF gene family is considered to be structurally and functionally conserved in plants (McCurdy et al., 2001). In our study, 9 ADF genes were identified in oriental melon for the first time, and they were distributed to four subclasses as in Arabidopsis. Moreover, they were almost the same as their homologue AtADFs in intron-exon structure, number of amino acids contained in exons, as well as type and number of motifs. There were also some important conserved sites in CmADFs, such as the serine at position 6 of N-terminal (S6), actin binding sites (Figure 1C). The activity of ADF protein was regulated by phosphorylation of N-terminal conserved serine or threonine. The S6 mutant of ZmADF3 lost its ability to bind to G-actin and F-actin (Smertenko et al., 1998). The S6 activity of LlADF1 decreased after phosphorylation, and the binding and disassembly F-actin activities were lost (Allwood et al., 2002). The base residues (K82, R135, R137) on β-chain and α-helix form actin binding sites, which is important for G-and F-actin binding (Dong et al., 2013). These results indicate that ADF family genes are structurally conserved.

The ADFs in flowering plants probably evolved from a common ancestor (Nan et al., 2017). Fragments and tandem gene duplication are considered to be the major driving forces in the evolution of large gene families (Cannon et al., 2004). Duplicate gene pairs in Arabidopsis and wheat are likely caused by tandem duplication, while two pairs of segmentally duplicated genes ADF7/10 and ADF1/4 were observed (Figure 1B; Supplementary Table 4) in melon as in tomato (Khatun et al., 2016), maize (Huang et al., 2020), and soybean (Xu et al., 2021). The ADF gene family has been differentiated in expression pattern and function during a long evolutionary process (Kijima et al., 2016). The angiosperm ADF gene family consists of four very conserved subfamilies, which are divided into two classes: reproductive or constitutive/vegetative (Ruzicka et al., 2007). In our study, tissue expression patterns of ADFs in melon were similar to those in Arabidopsis. CmADFs in Subclass I, III, and IV are expressed in all tissues examined and may play a critical role in growth and development (Figure 2). CmADFs in Subclass II specifically expressed in flowers may contribute to reproductive development (Figure 2). Unlike AtADF8, which is mainly expressed in roots and root hairs, CmADF8 is specifically expressed in flowers, indicating that different species are relatively independent in the subsequent evolutionary process. In general, ADF family genes were quite conserved in the long-term evolution of plants.





A large number of CmADFs respond to temperature stress and hormone signals

Expression analysis of ADF gene families in tomato, maize, wheat and soybean revealed that the expression of ADFs would change significantly under abiotic stresses such as heat, cold, drought, high salt, abscisic acid (ABA), jasmonic acid (JA) and injury (Khatun et al., 2016; Huang et al., 2020; Xu et al., 2021; Sun et al., 2023). Many ADFs in tomatoes were induced by cold, heat, drought, NaCl, ABA, JA, and injury treatment (Khatun et al., 2016). In maize, ZmADF1 was significantly up-regulated under all abiotic stresses, and ZmADF2 and ZmADF3 were significantly induced under high temperature, drought and ABA treatment (Huang et al., 2020). The expression of GmADFs in soybean changed under high temperature, low temperature, drought and salt stresses, and GmADF2/5/9/12/13/16/18 were significantly induced by heat stress (Sun et al., 2023). TaADF16/17/18 in wheat promoted the freezing resistance of wheat plants acclimated to the cold (Xu et al., 2021). ADF1 in Arabidopsis has been shown to participate in high temperature and salt stresses, and is also the most important member of Arabidopsis ADF family involved in stress.

In present study, CmADF1 was significantly induced in all treatments (Figures 3, 4), suggesting that, similar to Arabidopsis, ADF1 in melon may have an important effect on stress tolerance. Under low temperature, CmADF1 was stably and highly expressed (Figure 3), while AtADF1 was not induced, but AtADF5 and AtADF9 in Subclass III were significantly up-regulated (Fan et al., 2016). This indicates that ADF genes in different plants are functionally differentiated. Members of a gene family from the same group may have similar functions (Huang et al., 2020). CmADF1/3/4 from Subclass I and CmADF7/8/10 from Subclass II were both significantly induced under high temperature, ABA, and SA treatments (Figures 3, 4), suggesting that they may confer plants tolerance to these stresses. Studies have shown that actin depolymerization can increase plant resistance to pathogens, and that SA is crucial to this process (Leontovyčová et al., 2019). The expression of CmADFs was increased several hundred-fold under SA treatments, which may enhance resistance to biotic stress by depolymerizing actin filaments dependent on SA signaling pathway. CmADF2 was sensitive to high temperature and ABA treatments, indicating the diversity and complexity of functions among family members in resistance to stress. A large number of ADFs respond to different abiotic stresses, and the function of some of them in stresses has been proven, so it is necessary for us to further study ADFs.





CmADF1 plays an important role in plant low temperature tolerance

Low temperature is an important factor affecting the yield of Oriental melon. The detail molecular mechanism of dynamic changes of actin filaments under low temperature is still uncovered, the only thing we know is that low temperature treatment leads to the depolymerization of actin filaments like the other abiotic stresses do, such as salt, high temperature, and osmotic stress (Pokorná et al., 2004; Wang et al., 2011; Fan et al., 2015). Byun et al. (2021) found that DaADF3 functions to depolymerize F-actin into G-actin in transgenic rice plants overexpressing DaADF3, and observed cytoskeleton structural changes in D. antarctica seedlings in response to cold stress treatment, which imply that DaADF3 regulates the cytoskeleton structure to adapt to changing environmental conditions, especially cold stress in D. antarctica. ADF members in Subclass I have functions in resisting biotic/abiotic stresses (Huang et al., 2020). ADF1 in Subclass I is highly expressed in all tissues and is most closely related to salt stress and high temperature stress (Wang et al., 2021, 2023).

Our study found that CmADF1 is the only gene in the melon ADF family with highly stable up-regulated under low temperatures (Figure 3A), and GUS staining (Figure 6) confirmed this result. Therefore, CmADF1 may be a primary protein responding to low temperature stress in the CmADF family. Previous studies have found that some ADFs are involved in responding to low temperature, however there is still a lack of in-depth study on actin filament dynamics. Our studies revealed that low temperature stress induced actin filaments instability (Figure 8), which is consistent with the ADF family that is functionally characterized by depolymerization and cutting actin filaments. Our results further indicated that CmADF1-OE transgenic seedlings with low temperature-promoted the depolymerization of actin filaments showed more resistant to low temperature (Figure 7A). These suggests that the actin filaments morphology of CmADF1-OE under low temperature is directly caused by the function of CmADF1 to depolymerize and cut single actin filament, and CmADF1 regulates remodeling of the actin cytoskeleton to adapt to low temperature stress in melon.

Actin filaments depolymerization have been proved to play a positive regulatory role in salt, osmotic, high temperature and drought stress (Wang et al., 2011; Fan et al., 2015). Xu et al. (2021) found that TaADF16-OE transgenic Arabidopsis plants suffered less freezing damage in comparison with WT, and had higher POD and SOD activities and more soluble sugar accumulation after a 24h incubation at 4°C. They believed that overexpression of TaADF16 may contributes to the positive effects on ROS scavenging and osmotic regulation, and enhances the freezing resistance of Arabidopsis plants. In our experiment, CmADF1-OE conferred Arabidopsis better growth status under low temperature compared with WT and Atadf1, demonstrating that CmADF1 enhanced the low temperature tolerance of seedlings and promoted seedlings growth. Meanwhile, CmADF1-silenced oriental melon seedlings showed that the contents of soluble protein and proline, and the activities of superoxide dismutase (SOD), peroxidase (POD) and Catalase (CAT) were significantly lower than those in the control. Thus, CmADF1 is a key protein that triggers low-temperature induced actin filament depolymerization in melon, which improves the plant’s low-temperature tolerance. Zhang et al. (2021) found that AtADF5, as a downstream target gene of C-repeat binding factor (CBF) signaling pathway, is involved in plant response and resistance to low temperature stress by regulating the dynamics of actin filaments. Overexpression of TaADF16 induces the expression of cold-responsive genes, which may regulate cold tolerance through interaction with ICE (inducer of CBF expression)-CBF-related genes (Xu et al., 2021). Synthetic nucleotides designed based on the DRE element contained in the DaADF3 promoter have a high binding affinity with DaCBF7 (Byun et al., 2015, 2021). We also found the DRE binding site in the CmADF1 promoter (Supplementary Figure 3). Whether the CBF protein is an important factor affecting the transcription level of CmADF1 in oriental melon with low temperature tolerance will be our next work. Together, our results demonstrate that CmADF1 plays an important role in plant adaptation to low temperature by leading to depolymerization of actin filaments, providing breakthrough insights into the molecular basis for melon adaptation to low temperature stress.






Conclusion

In this study, 9 ADF genes were identified in Oriental melon, which were clustered into four subfamilies and their proteins contain one conserved ADF-H domain specific to ADF family genes by phylogenetic tree and conserved domain analysis (Figures 1A, C). The comparative analysis of ADFs in Arabidopsis and melon showed that ADFs of these two species were highly similar in phylogenetic evolution, tertiary structure, conserved motifs and key conserved sites binding to actin, indicating that plant ADF genes are very conserved in the long-term evolution process (Figures 1A, C, D; Supplementary Figures 1, 2). Various CmADFs displayed specific tissue expression patterns (Figure 2), some were induced by temperature and hormone signals (Figures 3, 4). CmADF1/2/4/5/6/10 and CmADF1/3/4/7/8/10 were induced under low/high temperature stress, respectively (Figure 3). All CmADFs responded to SA and ABA signals (Figure 4). These results suggested that CmADFs may be involved in melon response to stress. CmADF1 had high and stable expression levels under low temperature stress (Figure 3A). CmADF1 overexpressing plants promoted the instability of actin filaments and enhanced the resistance growth to low temperature treatments (Figures 7, 8), suggesting that CmADF1 plays an important role in low temperature stress in melon. Because the expression of CmADF1 gene was significant induced by low temperature, and the CmADF1 gene promoter contained the binding sites of MYB and CBF (Supplementary Figure 3), the key transcription factors in plants tolerance low temperature stress, we speculate the role of CmADF1 in low temperature may be regulated by MYB and/or CBF class transcription factors. We will look for upstream transcription factors of the CmADF1 gene to explore the molecular mechanisms of CmADF1 in low temperature in future research.
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Introduction

Low ground temperature is a major factor limiting overwintering in cucumber cultivation facilities in northern alpine regions. Lower temperatures in the root zone directly affect the physiological function of the root system, which in turn affects the normal physiological activity of plants. However, the importance of the ground temperature in facilities has not attracted sufficient attention. 





Methods

Therefore, this study tested the cucumber variety Jinyou 35 under three root zone temperatures (room temperature, 20–22°C; suboptimal temperature, 13– 15°C; and low temperature, 8–10°C) to investigated possible cold resistance mechanisms in the root of cucumber seedlings through hormone, metabolomics, and transcriptomics analyses.





Results and discussion

The results showed that cucumber roots were subjected to chilling stress at different temperatures. Hormone analysis indicated that auxin content was highest in the roots. Jasmonic acid and strigolactone participated in the low-temperature stress response. Auxin and jasmonate are key hormones that regulate the response of cucumber roots to low temperatures. Phenolic acid was the most abundant metabolite in cucumber roots under chilling stress. Additionally, triterpenes may play an important role in chilling resistance. Differentially expressed genes and metabolites were significantly enriched in benzoxazinoid biosynthesis in the room temperature vs. suboptimal temperature groups and the room temperature vs. low temperature groups. Most differentially expressed transcription factor genes in AP2/ERF were strongly induced in cucumber roots by both suboptimal and low-temperature stress conditions. These results provide guidance for the cultivation of cucumber in facilities.
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1 Introduction

Cucumbers originated in the tropical rainforests of the southern foothills of the Himalayas and now exhibit a wide distribution, large cultivation area, high yield, and high economic value. According to FAO data (https://www.fao.org/zh), the area harvested in 2020 of cucumber reached 1,311,461 ha, and the yield reached 58,947.4 kg·ha-1 in China. Cucumber is a typical thermophilic plant with high-temperature requirements throughout its entire life cycle, especially for seedlings, which are more sensitive to low temperatures (Walters, 1989). In addition, different varieties of cucumber have different resistance to low temperature stress (Li et al., 2022). In northern China, cucumbers are often used for early spring and overwinter cultivation. The seedling stage or early planting date is often affected by low temperatures (such as the late spring coldness in March and April in Northern China), which affect plant growth and development, delay the fruit listing period, and may cause economic losses (Li et al., 2022).

At present, most horticultural facilities in northern China are relatively simple, and modern technology applications are limited. Therefore, crops grown in facilities are always grown under adverse environmental conditions, resulting in low yields, poor quality, and limited economic benefits (Sun et al., 2010). Environmental factors such as temperature, light, moisture, and CO2 concentration are of great significance for plant growth. Among these factors, root zone temperature plays a crucial role in plant growth (Sun et al., 2016). The adaptation range of cucumber root to temperature was narrow. Damage to root cells will affect the function of root and growth of aerial portion. Low-temperature root stresses can be categorized as chilling injury (cold injury above 0°C) and freezing injury (freezing injury below 0°C) (Jan et al., 2009; Chen et al., 2020). Previous studies have indicated that chilling injury affects the structure and function of cell membranes, enhancing membrane permeability and solute ion exudation, thereby changing the balance of ion concentrations inside and outside the cells (Bai et al., 2021). It also affects enzyme activity, leading to metabolic disorders (Zhao et al., 2021). While freezing injury can cause freezing inside and outside plant cells, salt toxicity, membrane protein degradation, and biofifilm system damage (Xu et al., 2023). In severe cases freezing injury may lead to the death of the whole plant (Saadati et al., 2021). Chilling and freezing injuries differ in their mechanisms and outcomes (Lijing Chen et al., 2014; Gong et al., 2020). In addition, chilling injuries account for the main issues occurring under low temperatures that must be solved in cucumber production facilities.

To develop a method for protecting cucumber crops from low-temperature stress and support future cultivation, we must first understand the mechanisms of low-temperature stress responses at the molecular level. In order to survive in low temperatures, plants transduce the cold signals into downstream components, thereby inducing appropriate defense mechanisms. Low temperature stress lead to the change of the lipids conformation and proteins in membrane, increases membrane permeability, inhibits ion transport and energy conversion pathways and cause damage to the ultrastructure of cells. Then the Ca2+ and other second messenger would be activates and amplified the signal in a cascade. These will eventually affecting the genes expression and biosynthesis of secondary metabolite involve in defense mechanisms modules (Zhu, 2016). The endogenous hormones plays an important role in response to low temperature stress in plant though participate in signal transduction and leads to expression of downstream genes (Xiang et al., 2017). Plant hormones, such as abscisic acid (ABA), brassinosteroid (BR), gibberellin (GA), and jasmonic acid (JA), have been reported to mediate plant adaptations to cold stress (Hu et al., 2013; Ding et al., 2015; Eremina et al., 2016; Li et al., 2017; Lantzouni et al., 2019).

With the rapid development of sequencing technology, transcriptomic and metabolomic analyses have been widely used to explore the molecular mechanisms by which plants cope with low-temperature stress (Bahrman et al., 2019; Xu et al., 2023). Transcriptomics and metabolomics analyses on 1-year-old branches of the cold-resistant cultivar Hanfu and the cold-sensitive apple cultivar Changfuji No. 2 revealed that Hanfu accumulated 4-aminobutyric acid, spermidine, and ascorbic acid to scavenge reactive oxygen species. The transcription factors apetala 2/ethylene responsive factor (AP2/ERF) and WRKY were strongly induced under freezing stress (Xu et al., 2023). Besides, the NAC family transcription factor were also involve in cold resistance. The CsNAC1 was induced by cold and ABA in both leaves and roots of citrus (Citrus reshni) (Mauch-Mani and Flors, 2009). A combination analysis on peach cultivars Donghe No.1 and 21st Century subjected to different temperatures (-5 to -30°C) for 12 h revealed that that soluble sugar, flavone, lignin biosynthesis-associated genes, and several key genes (e.g., COMT, CCR, CAD, PER, and F3’H) may play key roles in cold tolerance in peach (Li et al., 2023). Under low-temperature stress, the expression levels of some genes associated with plant hormones and MAPK pathways were significantly upregulated, and flavonoid metabolites were significantly enriched in waxy corn inbred lines N28 compared to those in N67. These genes and metabolites may help N28 improve cold resistance (Jiang et al., 2023). The During the cold treatment phase, the biological process changes mainly focus on antioxidant, and during the recovery period, a wide range of cold resistance reactions can be found, such as the accumulation of large amounts of amino acids. The combination analysis on 2 cold-resistant rice varieties (Nipponbare and 93–11) in different cold treatment stage reveled that during the metaphase of cold treatment, antioxidation-related compounds appeared earlier in Nipponbare, while ROS levels were higher in 93–11. Compared with CBF/DREB, ROS regulated genes were more active in Nipponbare stress response. Therefore, during the recovery period, metabolites related to cold resistance were more easily expressed in the cold-tolerant Nipponbare variety, while compounds related to aging were more easily accumulated in 93–11 (Zhang et al., 2016).

According to previous study, the best root zoom temperature for cucumber is 20–25°C. When the root zone temperature is lower than 15°C, the development and growth of cucumber root will be affected by low temperature (Xue et al., 2015). The aim of the present study was to evaluate the hormone change in the root of cucumber cultivar Jinyou 35 under three root zone temperatures (room temperature, 20–22°C; suboptimal temperature, 13–15°C; and low temperature, 8–10°C). The main metabolic pathways activated in response to chilling stress in cucumber roots were investigated using a combination of transcriptomics and metabolomics. Differentially expressed genes (DEGs) and their metabolites (DEMs) were identified. Identifying cold tolerance–related genes and analyzing the regulatory mechanisms of cold response in cucumbers using modern biological methods can provide theoretical support for the cultivation of cold-tolerant varieties.




2 Materials and methods



2.1 Plant materials

The ‘Jinyou 35’ cucumber cultivar was selected for analysis. ‘Jinyou 35’ is widely used in early spring cultivation for its good quality and cold resistance and it used to occupied more than 70% of the early spring cucumber cultivation area in China (around year 2010), and it is still widely used in Inner Mongolia province until now (https://www.taas.ac.cn) (Sun et al., 2016; Sun et al., 2018). The experiment was carried out in the Crop Cultivation Laboratory of Hetao College, Bayannaoer, Inner Mongolia Province (40°34′- 41°17′N, 107°6′-107°44′E). Three root zone temperatures were set: room temperature, 20–22°C; suboptimal temperature, 13–15°C; and low temperature, 8–10°C. A peat, vermiculite, and perlite mix with a volume ratio of 6:3:1 was used as the substrate for plant culture. Seedlings were planted in soil containing temperature controllers in mid-July 2022. The planting density was set at a line interval of 12 cm and a row interval of 18 cm.

To control the soil temperature, a temperature control line was laid at 15–18 cm depth below the soil, and the temperature-sensing probe was buried approximately 8 cm deep in the soil layer. Root zone temperatures were regulated from 22:00 to 6:00 the following day. After transplantation, cucumber seedlings were placed under low-temperature conditions. The room temperature setting (20–22°C) was used as the control (CK). The suboptimal (13–15°C) and low temperatures (8–10°C) were used as the treatment conditions. Each treatment group comprised 60 seedlings. Random sampling was used. Twenty days after transplantation, the root samples were immediately frozen in liquid nitrogen. The samples were sent to Wuhan Mai Tver Biotechnology Co., Ltd. to detect endogenous hormone content and conduct transcriptomic and metabolomic analysis. The root samples were named RR (root samples under room temperature conditions), SR (root samples under suboptimal temperature conditions), and LR (root samples under low-temperature conditions). Each test was performed in triplicate.

According to our previous studies, the root length, surf area, volume, tips and forks of cucumber under low temperature stress in the root zone is shown in Table 1 (Sun et al., 2017).


Table 1 | Effects of low root zone temperature on root morphology of cucumber (Sun et al., 2017).






2.2 Determination of endogenous hormones

High performance liquid chromatography–grade acetonitrile and methanol were purchased from Merck (Darmstadt, Germany). Milli-Q water (Millipore, Bradford, USA) was used for all experiments. All standards were purchased from Olchemim Ltd. (Olomouc, Czech Republic) and IsoReag (Shanghai, China). Acetic and formic acids were purchased from Sigma-Aldrich (St. Louis, MO, USA). Standard stock solutions (1 mg/mL) were prepared in methanol. All stock solutions were stored at -20°C. The stock solutions were diluted with methanol to obtain working solutions prior to analysis.

After freezing in liquid nitrogen, root samples were ground into powder (30 Hz, 1 min) and stored at -80°C until needed. Root samples (50 mg) were weighed into a 2 mL plastic microtubes, frozen in liquid nitrogen, and dissolved in 1 mL methanol/water/formic acid (15:4:1, V/V/V). As internal standards for quantification, 10 µL of the internal standard mixed solution (100 ng/mL) was added to the extract. The mixture was vortexed for 10 min and centrifuged for 5 min (12000 r/min, and 4°C). Then, the supernatant was transferred to clean plastic microtubes, evaporated to dryness, dissolved in 100 μL 80% methanol (V/V), and filtered through a 0.22 μm membrane filter for further LC-MS/MS analysis (Cai et al., 2014; Floková et al., 2014; Niu et al., 2014; Li et al., 2016).

The root sample extracts were analyzed using an UPLC-ESI-MS/MS system (UPLC, ExionLC™ AD
https://sciex.com.cn/; MS, Applied Biosystems 6500 Triple Quadrupole, https://sciex.com.cn/). The analytical conditions were as lay out in Supplementary Table 1.

Linear ion trap and triple quadrupole (QQQ) scans were acquired on a triple quadrupole–linear ion trap mass spectrometer (QTRAP), QTRAP® 6500+ LC-MS/MS System equipped with an ESI Turbo Ion Spray interface, operating in both positive and negative ion modes and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation parameters were as follows: ion source, ESI +/-; source temperature, 550°C; ion spray voltage, 5500 V (positive) and -4500 V (negative); curtain gas (CUR), 35 psi. Phytohormones were analyzed using scheduled multiple reaction monitoring (MRM). Data acquisition was performed using Analyst 1.6.3 software (Sciex). Multiquant 3.0.3 software (Sciex) was used to quantify all metabolites. Mass spectrometry parameters, including the declustering potentials (DPs) and collision energies (CEs) for individual MRM transitions, were performed with further DP and CE optimization. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period (Pan et al., 2010; Cui et al., 2015; Šimura et al., 2018).




2.3 Metabolite profiling and data analyses

Root samples were freeze-dried using a vacuum freeze-dryer (Scientz-100F). The freeze-dried samples were crushed using a mixer mill (MM 400, Retsch) with zirconia bead for 1.5 min at 30 Hz. The lyophilized powder (50 mg) was powder in 1.2 mL of 70% methanol solution and vortexed for 30 s every 30 min for six rounds total. Following centrifugation at 12000 rpm for 3 min, the extracts were filtrated (SCAA-104, 0.22 μm pore size; ANPEL, Shanghai, China, http://www.anpel.com.cn/) before UPLC-MS/MS analysis.

The sample extracts were analyzed using an UPLC-ESI-MS/MS system (UPLC, ExionLC™ AD, https://sciex.com.cn/; MS, Applied Biosystems 4500 Q TRAP, https://sciex.com.cn/). The analytical conditions were as follows, UPLC: column, Agilent SB-C18 (1.8 µm, 2.1 mm * 100 mm); The mobile phase was consisted of solvent A (pure water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). Sample measurements were performed using a gradient program that employed starting conditions of 95% A and 5% B. Within 9 min, a linear gradient of 5% A and 95% B was programmed, and a composition of 5% A and 95% B was maintained for 1 min. Subsequently, the composition was adjusted to 95% A and 5.0% B within 1.1 min and kept for 2.9 min. The flow velocity was set as 0.35 mL per min; The column oven was set to 40°C; The injection volume was 4 μL. The effluent was alternately connected to an ESI-triple quadrupole–linear ion trap-MS (QTRAP)-MS.

The ESI source operation parameters were as follows: source temperature, 550°C; ion spray voltage, 5500 V (positive) and -4500 V (negative); ion source gas I (GSI), gas II (GSII), and CUR at 50, 60, and 25 psi, respectively; and high collision-activated dissociation. QQQ scans were acquired in the MRM experiments with a collision gas (nitrogen) in the medium. The DP and CE for individual MRM transitions were determined with further DP and CE optimization. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period.

Unsupervised principal component analysis (PCA) was performed using the prcomp statistical function in R (www.R-project.Org/). The data were unit variance scaled before unsupervised PCA.

Hierarchical cluster analysis (HCA) results of samples and metabolites were presented as heatmaps with dendrograms, whereas Pearson correlation coefficients (PCC) between samples were calculated using the cor function in R and presented only as heatmaps. Both HCA and PCC were performed using the R package, Complex Heatmap. For the HCA, the normalized signal intensities of the metabolites (unit variance scaling) were visualized as a color spectrum.

For two-group analysis, differential metabolites were determined by VIP (VIP ≥ 1) and absolute Log2FC (|Log2FC|≥ 1.0). VIP values were extracted from the OPLS-DA results, which also contained score plots and permutation plots, and were generated using the R package MetaboAnalystR. The data were log-transformed (log2) and mean-centered before OPLS-DA. A permutation test (200 permutations) was performed to avoid overfitting.

Identified metabolites were annotated using the KEGG Compound Database (http://www.kegg.jp/XXXeg/compound/), and annotated metabolites were mapped to the KEGG Pathway Database (http://www.kegg.jp/XXXeg/pathway.html). Pathways with mapped significantly regulated metabolites were then fed into metabolite set enrichment analysis, and their significance was determined using hypergeometric test p-values.




2.4 RNA-seq and data analysis

Root samples were immediately frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted from roots using the RNAprep Pure Polyphenol Plant Total RNA Extraction Kit (TIANGEN, China). A cDNA library was constructed and sequenced on an Illumina HiSeq4000 system supplied by Mateware. The adapters and low-quality sequences were removed using Fastp with default parameters, and clean reads were mapped to the reference genome of the ChineseLonggenomev3.fa.gz using HISAT2. The number of mapped reads and transcript lengths were normalized. The fragments per kilobase million (FPKM) were used as indicators of transcript or gene expression. The Pearson correlation coefficient and PCA were used to evaluate the correlation and repetitiveness among samples. Differential expression analysis was performed using DESeq2 (|log2- old change| ≥1, and FDR < 0.05) to obtain differentially expressed genes between two samples. Heat maps and Venn diagrams were drawn using the Tbtools software. Three biological replicates were used for each root sample.

Nonredundant transcript sequences identified as genes were further analyzed by Gene Ontology (GO) annotation (http://www.ge-neontology.org/) to identify GO terms among DEGs with significant differences, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/XXXeg/) was used to identify significantly enriched pathways.

To verify the accuracy of RNA-seq data, q-RT-PCR validation was performed using frozen root
samples. First, strand c DNA was synthesized using TAKARA PrimeScript™ RTMaster Mix (Perfect
Real Time). Real-time quantitative PCR was performed using a QTOWER Real-time fluorescence quantitative PCR instrument (ANALYTIKJENA, Germany) using Talent qPCR PreMix (SYBR Green). The cucumber actin gene was used as an internal control. Each reaction was performed in triplicate with are action volume of 20 μL. Cycling parameters were 96°C for 10 min, 40 cycles of 95°C for 15 s, 58°C for 20 s and 72°C for 30 s, final extension at 72°C for 10 min. Quantitative data were calculated as 2−△△CT. Primer sequences are listed in Supplementary Table 2. Each test was performed in triplicate.




2.5 Statistical analyses

Each treatment was performed in triplicate, and the data are presented as the mean ± standard deviation. Significant differences (P < 0.05) were evaluated using SPSS Statistics (version 26.0; SPSS Inc., Chicago, IL, USA) and one-way analysis of variance with Duncan’s test. The comparison groups of endogenous hormones, metabolites, and RNA-seq data were divided into RR vs. SR, RR vs. LR, and SR vs. LR groups.





3 Results



3.1 Endogenous hormone responses of cucumber roots to chilling stress

In this study, roots of the cucumber cultivar Jinyou 35 were subjected to different degrees of low temperature stress. We identified 17 differentially accumulated endogenous hormones among RR vs. SR, RR vs. LR, and SR vs. LR (Figure 1). Detailed information on differentially accumulated endogenous hormones is listed in Supplementary Table 3. Differentially accumulated endogenous hormones can be classified into six categories. As the temperature decreased, ABA and cytokinin (CK) content decreased, while auxin, GA, and JA content increased. Strigolactone (SL) content increased in SR and decreased in LR compared with RR. The hormone with the highest accumulation in cucumber roots was auxin. The proportions of SR (74%) and LR (74%) were higher than that of RR (50%), indicating that auxin is important not only in root development, but also in response to chilling injury. The accumulation trend of CK was opposite to that of auxin, indicating that the relationship between auxin and CK is stress resistant under low-temperature stress. Auxins can increase the GA levels in plants. The accumulation trend of GA was similar to that of auxin but was much lower in content. The ABA content decreased as temperature decreased, and the ratio decreased from 18% in RR to 2% in LR. There was a stress-resistance relationship between GA and ABA in cucumber roots under low-temperature stress. The JA content increased sharply in LR and was hardly detected in RR and SR, indicating that JA might play an important role in low-temperature stress. The SL content in LR was significantly higher than in RR and SR; however, the ratio in LR (22%) was lower than that in RR.




Figure 1 | Content of differentially accumulated endogenous hormones (A), Venn diagram (B), and pie chart (C) RR, SR and LR. Values are average on three replicates. Significant differences are indicated by letters, lowercase letter indicates significant difference (0.05>P≥0.01), uppercase letter represents extremely significant difference (0.01>P≥0.001). RR: The cucumber root samples under room temperature condition; SR: The cucumber root samples under suboptimal temperature condition LR: The cucumber leaf samples under low temperature condition. The same below.



Venn diagrams show that 9, 12, and 11 differentially accumulated endogenous hormones were obtained for RR vs. SR, RR vs. LR, and SR vs. LR, respectively. These hormones may play key roles in chilling stress response. One hormone (2MeSiP) was accumulated in all groups (Figure 1B). These hormones may be associated with low root zone temperature responses in cucumber roots.




3.2 Metabolite identification in cucumber root

To further study the difference in the response of cucumber to suboptimal and low temperatures compared to that under room temperature, metabolomic analyses were performed. LC-MS/MS was used for targeted metabolomic analysis. MRM detection, PCA, and correlation analyses showed that the data quality met the requirements for subsequent analyses (Supplementary Figures S1A-D). Of the 995 metabolites screened for each comparison group under the VIP, FC, and P-value triple screening conditions, 119 were DEMs in RR vs. SR (75 upregulated and 44 downregulated), 152 were DEMs in RR vs. LR (96 upregulated and 56 downregulated), and 120 were DEMs in SR vs. LR (60 upregulated and 60 downregulated) (Supplementary Figures S1F-H). To better understand the metabolic response mechanisms of cucumber roots under low-temperature stress, we analyzed the DEMs identified in each comparison group. The Venn diagram analysis further showed there were 55 DEMs common to RR vs. SR and RR vs. LR. Most DEMs are flavonoids and phenolic acids that improve the suboptimal and low-temperature tolerance of plants by increasing the activity of antioxidant enzymes. Five DEMs were common to all three groups. All five DEMs were flavonoids, with two isoflavones and three flavones identified.

As shown in Figure 2, the contents of phenolic acids, plumerane, alkaloids, and organic acids were significantly
higher than those of the other metabolites. The detail information of metabolites in phenolic acids,
plumerane, alkaloids, organic acids and triterpene class was shown in Supplementary Table 4. Phenolic acid was the most abundant compound. The percentages of SR (36%) and LR (37%) were almost the same and higher than that of RR (30%). The main phenolic acids that accumulated in the cucumber roots were p-Coumaryl alcohol, benzaldehyde, and isoferulic acid* (Figure 2C), the relative contents of which are listed in Supplementary Table 4. The downward trends of plumerane (21% in RR, 14% in SR, and 10% in LR) and alkaloids (21% in RR, 13% in SR, and 11% in LR) with temperature were almost the same. The main components of plumerane were 3-Indoleacrylic acid, indole-3-carboxaldehyde, and methoxyindoleacetic acid. The alkaloids used were 3-amino-2-naphthoic acid and cyclohexylamine. Organic acids (15% in RR, 20% in SR, and 31% in LR) increased sharply with decreasing temperature, especially in SR and LR. 2-Isopropylmalic acid, iminodiacetic acid, and JAs are the main organic acids accumulated in cucumber roots. Additionally, the triterpene (isomangiferolic acid and ursolic acid) content in SR was significantly higher than in RR (269 times) and LR (195102 times), which may play an important role in the chilling resistance process.




Figure 2 | Cluster heatmap (A) and pie chart (B) of metabolites classified by Class II. Main content of phenolic acids, plumerane, alkaloids, and organic acids (C).






3.3 Transcriptomic analysis in cucumber root

To further study the difference in response to suboptimal and low temperatures compared to that
under room temperature in cucumber, transcriptomic analyses were performed. We prepared nine cDNA libraries. The Q20 and Q30 values of each cDNA library were greater than 97% and 92%, respectively; the base error rate was 0.03%, the average G/C content was 42.61%, and the average base number was 6.56 Gb (Supplementary Table 5). The proportion of clean reads that mapped to the reference genome was > 95%. In
addition, the correlation coefficients between the samples were calculated based on the FPKM values of all genes in each sample, and PCA was performed. The results showed that the square of the correlation coefficient (R2) was greater than 0.92 and that the samples were scattered between groups and gathered within them (Supplementary Figures S2A, C). Cluster analysis revealed a clear separation between the samples, whereas replicate
samples from each treatment clustered together (Supplementary Figure S2B). Three biological replicates were analyzed for each cucumber root sample group. Most DEGs were found in the RR vs. LR comparison (1136; 761 upregulated and 375 downregulated genes), followed by those in SR vs. LR (366; 287 upregulated and 79 downregulated genes); RR vs. SR had the lowest number of DEGs (189; 150 upregulated and 39 downregulated genes). Interestingly, the number of upregulated DEGs in each comparison group was higher than that of the downregulated DEGs (Supplementary Figure S2D). In addition, Venn diagram analysis revealed 141 common DEGs between the RR vs. SR and RR vs. LR groups (Supplementary Figure S2E). In total, 256 common DEGs were identified between RR vs. SR and SR vs. LR. Only six DEGs were common between the RR vs. SR and SR vs. LR groups. Ten common DEGs were expressed in all three groups.




3.4 Comparative analysis of DEGs and DEMs in cucumber root under low-temperature stress

To compare the low-temperature response differences under different temperature conditions, the enrichment of DEGs and DEMs was analyzed in the three comparison groups. The GO enrichment results showed that the DEGs in RR vs. SR were significantly enriched in plant organ morphogenesis (GO:1905392), cell development (GO:0048468), and plant epidermis development (GO:0090558) (Figure 3A). The DEGs in RR vs. LR were significantly enriched in tetrapyrrole binding (GO:0046906), polysaccharide metabolic processes (GO:0005976), and enzyme regulator activity (GO:0030234) (Figure 3B). The DEGs in SR vs. LR were significantly enriched in tetrapyrrole binding (GO:0046906), thylakoids (GO:0009579), and apoplasts (GO:0048046) (Figure 3C).




Figure 3 | GO enrichment of DEGs in RR vs. SR (A), RR vs. LR (B) and SR vs. LR (C). KEGG enrichment of DEGs in RR vs. SR (D), RR vs. LR (E) and SR vs. LR (F).



KEGG enrichment analysis of the DEGs showed that 118 DEGs were enriched in 47 pathways in RR vs. SR, while 1 043 DEGs were enriched in 111 pathways in RR vs. LR (Figures 3D, E). Plant hormone signal transduction (ko04075) and benzoxazinoid biosynthesis (ko00402) were significantly enriched in the two comparison groups, indicating that cucumber roots responded to suboptimal and low-temperature stress through these two basic metabolic pathways. In total, 392 DEGs were enriched in 82 pathways in SR vs. LR (Figure 3F). Photosynthesis-antenna proteins (ko00196), isoquinoline alkaloid biosynthesis (ko00950), the MAPK signaling pathway (ko04016), phenylpropanoid biosynthesis (ko00940), pentose and glucuronate interconversions (ko00040), and cyanoamino acid metabolism (ko00460) were significantly enriched in the RR vs. LR and SR vs. LR comparison groups. The results showed that cucumber roots might respond exclusively to low-temperature stress through these metabolic pathways.

In RR vs. SR, 52 DEMs were enriched in 27 pathways, while 75 DEMs were enriched in 33 pathways in RR vs. LR (Figures 4A, B). Benzoxazinoid biosynthesis (ko00402); stilbenoid, diarylheptanoid, and gingerol biosynthesis (ko00945); flavone and flavonol biosynthesis (ko00944); flavonoid biosynthesis (ko00941); and isoflavonoid biosynthesis (ko00943) were significantly enriched in the two comparison groups, indicating that these DAMs may be key metabolites that respond to suboptimal and low-temperature stress in cucumber roots. For RR vs. SR, the DEGs and DEMs were significantly enriched in the benzoxazinoid biosynthesis pathway. In SR vs. LR, 80 DEMs were enriched in 33 pathways (Figure 4C). Stilbenoid, diarylheptanoid, gingerol, and flavonoid biosynthesis were the main pathways enriched in this group.




Figure 4 | KEGG enrichment of DAMs in RR vs. SR (A), RR vs. LR (B), and SR vs. LR (C). The KEGG enrichment of DEGs and DAMs in RR vs. SR (D), RR vs. LR (E), and SR vs. LR (F).



Association analysis of transcriptomics and metabolomics allows the prediction of changes in metabolites at the transcriptional level and verifies the results of gene transcription at the metabolic level. Also it further analyzing the relationship between metabolic and transcriptional spectra and the metabolic mechanisms of various biological systems of plant (Cavill et al., 2016). The DEGs and DEMs mapped to the KEGG pathway database were compared to obtain information on common pathways. In the RR vs. SR, RR vs. LR, and SR vs. LR comparison groups, 8, 28, and 21 pathways were co-enriched by DEGs and DEMs, respectively. For RR vs. SR, DEGs and DEMs were significantly enriched in the benzoxazinoid biosynthesis pathway (Figure 4D). In RR vs. LR, DEGs and DEMs were significantly enriched in benzoxazinoid biosynthesis, phenylpropanoid biosynthesis, plant hormone signal transduction, and other pathways (Figure 4E). In SR vs. LR, DEGs and DEMs were significantly enriched in some biosynthesis pathways such as stilbenoid, diarylheptanoid, gingerol, flavonoid, and phenylpropanoid biosynthesis (Figure 4F). In summary, these common enrichment pathways may be the transcriptomic and metabolic bases for low-temperature resistance in cucumber roots.




3.5 DEGs and DAMs involved in phenylpropanoid biosynthesis

The phenylpropanoid biosynthesis pathway exists widely in higher plants and leads to the production of many secondary metabolites related to low-temperature stress, such as flavonoids, terpenoids, and phenolic acids. Most DEGs in the phenylpropanoid biosynthesis pathway increased with decreasing temperature (Figure 5). The other ten genes showed the opposite trend. The cytochrome P450 gene, CsaF5H, showed the highest expression in the SR. Two phenolic acids, DAMs, p-Coumaryl alcohol and coniferyl alcohol, are involved in phenylpropanoid biosynthesis. CsaPER52 (CsaV36G002170), which regulates the conversion of p-Coumaryl alcohol to p-Hydroxyphenyl lignin, is highly related to the content of p-Coumaryl. While CsaPER5, which participates in the conversion of coniferyl alcohol to guaiacyl lignin, is highly related to coniferyl alcohol content. The increasing trend of these DAMs and DEGs may promote cucumber root response to low-temperature stress.




Figure 5 | The heatmap of DEGs and DAMs involved in phenylpropanoid biosynthesis.






3.6 Key transcription factors associated with low-temperature stress

Weighted gene co-expression network analysis (WGCNA) was used to identify the characteristic genes of a module, key genes in the module, association between modules, and sample phenotypes (Langfelder and Horvath, 2008). Using WGCNA, all genes in the nine cucumber root samples (RR, SR, and LR with three biological replicates) were divided into 52 coexpression modules (Figure 6A, Supplementary Table S6). We identified 1052 coexpressed genes in the green module, which had a significantly positive correlation with IPA (r = 0.92, P = 0.00044), while 798 coexpressed genes were identified in the pink module and had a positive correlation with IA (r = 0.99, P = 3.3e‐07), TRA (r = 0.99, P = 3.3e‐07), and OPC-6 (r = 0.99, P = 3.3e‐07) (Figure 6B). The gene expression patterns of the green module were significantly correlated with the hormone with the highest content in the SR group, which might relate to suboptimal temperature stress. The gene expression patterns of the pink module were significantly correlated with hormone with the highest content in the LR group, which might be related to low-temperature stress.




Figure 6 | WGCNA results. (A) Tree maps of 22,551 genes were constructed by hierarchical clusters with topological overlap dissimilarity. Each gene was represented by leaves in the tree branch. The coexpression distance between two genes represents the height on the y-axis. The first and second lines below the tree indicate the module members identified by the dynamic tree using the cutting method and the combined dynamic tree identity with a 0.85 merge threshold, respectively. The main branches comprise 52 coexpression modules. (B) Relationships between differentially accumulated endogenous hormones in cucumber roots (column) and module characteristic genes (MEs, row). The color indicates intensity and direction. The numbers in parentheses are partial Pearson correlations and corresponding P-values. (C) Subnetwork of IPA and putative transcription factors (TFs) and structural genes related to Plant hormone signal transduction from the green module. (D): Subnetwork of three plant hormones and structural genes related to Plant hormone signal transduction and putative TFs and from the pink module. Red circles denote metabolite, green circles denote pathway genes, and gray circles denote TFs. The lines between the two dots indicate their interactions. The colors of lines represent the positive or negative relationship between two genes or metabolite and gene. The width of lines represents the strength of correlations between the two genes; the wider the stronger and the thinner the weaker the interactions. The width of label lines represents the FC between two inbred lines; the wider the larger stronger and the thinner the smaller the multipliers.



When PCC was set as ≥0.90 or ≤−0.90, 1052 and 798 DEGs were used to
construct a coexpression network of green and pink modules, respectively (Supplementary Table S7). The expression levels of 37 genes from the green and pink modules that were highly correlated with hormone content in cucumber roots may be regarded as highly connected genes (hub genes) and were involved in two categories: plant hormone signal transduction (16) and transcription factors (TFs) (21) (Figures 6C, D; Supplementary Table S8).

According to the expression patterns of DEGs in the plant hormone signal transduction pathway, some TFs may be involved in the regulation of hormone content in cucumber roots, resulting in responses to low-temperature stress. Previous studies have demonstrated that AP2/ERF, bHLH, WRKY, and other genes play important roles in the response of plants to low-temperature stress (Yonghong Li et al., 2023; Xu et al., 2023). In green and pink modules, 21 differentially expressed TF genes (DETFs) were identified in the gene coexpression network.

The DETF in the green module were involved in three categories, the AP2/ERF (CsaV32G035630, CsaV33G003840, CsaV36G028510, CsaV36G032480, CsaV36G042200, CsaV37G003470), bHLH (CsaV31G039160, CsaV32G005070, CsaV32G007370, CsaV33G000850, CsaV33G042970, CsaV37G003870) and WRKY family (CsaV32G002020, CsaV33G012180, CsaV36G050320, CsaV37G026330, CsaV37G031980, CsaV37G033570, and CsaV36G044340). The DETF in the pink module belong to the AP2/ERF family (CsaV33G002570 and CsaV36G012590). These results indicated that the WRKY family and CBF1 genes mainly responded to suboptimal temperature stress. Different DETFs in the AP2/ERF family may regulate the response to suboptimal and low-temperature stress in cucumber roots.

In addition, in the plant hormone signal transduction pathway, 18 DEGs (one AUX1, four AUX/IAA, three ARF, 3 GH3 and seven SAUR) participated in auxin signal transduction (Figure 6D). Seven DEGs (2 B-ARRs and 5 A-ARRs) affected CK signal transduction. Seven DEGs (two GID1, three DELLA, and two PIF3) regulated the GA signal transduction. Eight DEGs (four BRI1, one BKI1, one BSK, one TCH4, and one CYCD3) were associated with BR signal transduction. One and two DEGs (TGA and two JAZ) were associated with salicylic acid and jasmonic acid (JA) signal transduction, respectively. Interestingly, no DEGs were detected during ABA or ethylene signal transduction. This indicates that these two hormones may have little effect on the response to chilling stress in cucumber roots.

To further analyze the TFs related to the response to low-temperature stress in cucumber roots, we created a heat map of DETFs in the AP2, bHLH, MYB, NAC, and WRKY families (Figure 7A). Most DETFs were upregulated with a decrease temperature in AP2 family. Additionally, DREB/CBF (C-repeat binding/dehydration-responsive element-binding protein, CsaV33G016760) in the AP2/ERF-ERF Subfamily was downregulated in SR and LR compared to RR. The other DREB (dehydration-responsive element-binding protein, CsaV32G002020) gene was upregulated in SR and downregulated in LR, whereas in the bHLH and WRKY families, most DETFs were downregulated in LR compared with RR. The upregulated DETF in WRKY family is WRKY75 (CsaV34G003030). Half of the DEGs were downregulated in the MYB and NAC families. The qRT-PCR results for the key genes are presented in Figure 7B. The results of q-RT-PCR were basically consistent with those of transcriptome sequencing, which proved that the sequencing was reliable.




Figure 7 | (A) Heat map of DETFs in AP2, bHLH, MYB, NAC and WRKY family. (B) q-RT-PCR result.







4 Discussion

Under suboptimal low temperature stress, the biomass of cucumber root decreased significantly compared with room temperature. Increasing evidence suggests that specific hormones play an important role in plant responses to low-temperature stress, including ABA, JA, salicylic acid (SA), GA, brassinolactone (Br), CK, ethylene and so on (D. Chen, Wang, Yue, & Zhao, 2016). Auxin is a common factor in most hormone regulatory networks (Chen et al., 2016; Xiao, et al., 2018). It is not only involved in the whole process of plant development but also participates in regulating plant adaptability to environmental change (Chen et al., 2016; Zhang et al., 2020). In cucumber root, auxin plays a key role in maintaining the root growth (Su and Masson, 2019). In our study, auxin accumulated abundantly under low-temperature conditions, and its content was higher than that of all other hormones. Studies on ABA have demonstrated that it is an important regulator of the whole plant life cycle and is involved in regulating many abiotic stress responses (Li et al., 2022). However, in our study, ABA was not the main hormone that determined the response to chilling stress in cucumber roots. JA also regulates the response of cucumber roots to low-temperature stress. These two hormones are key regulators of root development. Studies on the relationship between JA and low-temperature stress have mainly focused on fruits. The mechanism by which JA signal transduction responds to chilling stress in cucumber roots requires further investigation. Studies on cucumber cold-resistant cultivars Zhongnong37 and cold-sensitive cultivars Shuyanbailv under low-temperature condition reveal that the IAA, ABA, and JA content in cold-resistant cultivars was higher than cold-sensitive cultivars under three low-temperature treatment conditions (15–10, 12–8, and 9–5°C) (Amin et al., 2022). After H2S treatment, a sharp increase in endogenous IAA content was observed in cucumbers, which enhanced tolerance to cold stress. Conversely, NPA application significantly compromised cucumber defense against cold by decreasing endogenous IAA and H2S contents (2020). These studies indicate that auxin plays a key role in cold stress and enhances the resistance to cold injury in cucumbers.

The contents of phenolic acids, plumerane, alkaloids, and organic acids were significantly higher than those of other metabolites accumulated in the cucumber roots. Phenolic acid was the most abundant compound. The accumulation of soluble phenolic acids is also involved in cold stress responses in plants. In rice, the phenolic constituents of phenols, polyphenols, flavonoids, and phenolic acids have different bound forms in Japonica and Indica subtypes, and these may have a positive role under chilling stress (Rayee et al., 2020). Plumerane and alkaloids were positively correlated with temperature, whereas organic acids were negatively correlated with temperature. Alkaloids are secondary metabolites produced by the interaction between plants and the external ecological environment. As chemical defense substances, alkaloids play an important role in resisting the influence of adverse environment such as high-temperature and drought (Li et al., 2012). But there are few study on function of alkaloids in low temperature resistance in cucumber root. Organic acids affect plant resistance during exposure to low temperature. The accumulation of fumaric acid and azelaic acid were crucial for response to cold stress in Arabidopsis (Xu et al., 2011; Dyson et al., 2016). In our study, 2-Isopropylmalic acid, iminodiacetic acid, and JA were the main organic acids accumulated in cucumber roots, indicating that they were important for the response of cucumber roots to cold stress. Additionally, triterpenes may play an important role in cold resistance. Benzoxazinoid and phenylpropanoid biosyntheses were the main differential pathways in response to chilling injury in cucumber roots and are both involved in plant abiotic stress responses. The final product of phenylpropanoid biosynthesis is coumaric acid, which is the precursor of downstream pathways, such as flavonoid-related pathways and lignin synthesis. This has also been introduced by temperature (Dong and Lin, 2020). Benzoxazinoid biosynthesis has garnered significant research attention for its role in defensive process (disease resistance, insect resistance,etc) and allelopathy (Gao et al., 2017). However, its relationship with the low-temperature stress requires further investigation.

TFs play crucial roles in plant growth, development, and adaptation to stress. AP2/ERF and WRKY play important roles in plant responses to low-temperature stress (Xu et al., 2023). Therefore, this study mainly analyzed the expression patterns of AP2/ERF and WRKY and found that, WRKY (contain WRKY15, WRKY2, WRKY57, WRKY13, WRKY6, and PER40) were strongly induced by suboptimal temperature stress. AP2/ERF was strongly induced by both suboptimal and low-temperature stresses in cucumber roots. Furthermore, we found that CBF1 responded mainly to suboptimal temperature stress. WRKY6 is induced by freezing stress in apple branches (Xu et al., 2023). In cucumbers, CsWRKY21 and CsWRKY46 positively regulate the response to cold stress in different ways. CsWRKY21 is involved in the CBF-mediated cold response signaling pathway. CsWRKY46 enhances the expression of ABI5, a key transcription factor in the ABA signaling pathway. This activates the expression of RD29A and COR47 and participates in the ABA-dependent cold response regulation pathway (Ying et al., 2016). Therefore, it is important to analyze the expression patterns of AP2/ERF and WRKY in cucumber roots under low-temperature stress as well as the molecular expression networks of key genes regulated by these TFs.

Cold response signaling pathways in plants are distinguished by whether the regulation of signal transduction relies on CBF. Numerous studies have demonstrated that CBFs proteins play a central role in cold acclimation. Cold-responsive signals in plants are mainly regulated by the ICE-CBF-COR (ICE, CBF expression protein inducer; COR, cold-responsive gene) mode (Ramezani et al., 2017; Tang et al., 2022). The transcription level was significantly upregulated by ICE. It also activates the expression of downstream cold-responsive genes (CORs) by binding to the cis-elements in their promoters (Liu et al., 2018). However, current studies show that some TFs in the AP2/ERF and WRKY families are involved in the regulation of plant hypothermia responses through a pathway that is independent of CBF. In this study, the CBF transcription factor (CsaV33G016760), which had been identified in cucumber, was downregulated in cucumber roots in response to low-temperature stress. However, most DETFs were upregulated in the AP2 family and were strongly induced by both suboptimal and low-temperature stresses. This suggests that the regulatory pathway of the response to low-temperature stress in cucumber roots mainly depends on the AP2/ERF family, without dependence on CBF. However, this conclusion requires further investigation.




5 Conclusion

In the present study, cucumber cultivars were subjected to cold stress at different temperatures. By combining transcriptomics and metabolomics data, DEGs and DEMs responding to chilling stress were identified in the cucumber root samples RR, SR, and LR. Hormone detection indicated that auxin had the highest content in the roots. Thus, JA may play an important role in low-temperature stress. Furthermore, under chilling stress, the highest phenolic acid content was observed in the cucumber roots. The main phenolic acids accumulated in cucumber roots are p-coumaryl alcohol, benzaldehyde, and isoferulic acid. The downward trends of plumerane and alkaloids with temperature were similar. The organic acid content increased sharply with decreasing temperature. 2-Isopropylmalic acid, iminodiacetic acid, and JAs are the main organic acids accumulated in cucumber roots. Additionally, triterpenes may play an important role in chilling resistance. DEGs and DEMs were significantly enriched in benzoxazinoid biosynthesis in the RR vs. SR and RR vs. LR groups. DEGs and DEMs were significantly enriched in phenylpropanoid biosynthesis in the RR vs. LR and SR vs. LR groups. Most DETFs in the AP2/ERF family were strongly induced by both suboptimal and low-temperature stresses in cucumber roots. In conclusion, these results explain the response to chilling stress in cucumber roots, but further studies on the differential expression patterns of the components of these pathways are needed to reveal the mechanisms of low temperatures in cucumbers.
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CsWAK12, a novel cell wall-associated receptor kinase gene from Camellia sinensis, promotes growth but reduces cold tolerance in Arabidopsis
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Cold significantly impacts the growth and development of tea plants, thereby affecting their economic value. Receptor-like kinases (RLKs) are thought to play a pivotal role in signaling the plant's response to cold and regulating cold tolerance. Among the RLK subfamilies, wall-associated receptor-like kinases (WAKs) have been investigated across various plant species and have been shown to regulate cell growth and stress responses. However, the function of WAK genes in response to cold stress in tea has yet to be studied. In a previous investigation, we identified the WAK gene family from Camellia sinensis and isolated a specific WAK gene, CsWAK12, which is induced by abiotic stresses. Here, we demonstrate that CsWAK12 is involved in the regulation of cold tolerance in tea plants. CsWAK12 was rapidly induced by cold, peaking at 3 hours after treatment at 4°C (10-fold increase). Heterologous overexpression of CsWAK12 (35S:CsWAK12) in Arabidopsis promoted plant growth by enhancing root length and seed size under normal conditions, although it reduced cold resistance compared to the wild type. Under cold stress, the transgenic plants exhibited a lower survival rate and significantly altered levels of superoxide dismutase (SOD) activity and malondialdehyde (MDA) content compared to the wild type (WT). Furthermore, the expression of C-repeat/dehydration-responsive element binding factor (CBF) genes was diminished in CsWAK12-overexpressing transgenic Arabidopsis plants following cold treatment. Transcriptome analysis revealed that genes associated with the CBF pathway, such as  transcription factor genes (ERF53, ERF54, and DREB2A) were markedly reduced in the overexpression line. These data suggest that CsWAK12 acts as a negative regulator, reducing the cold tolerance of transgenic Arabidopsis by mediating the CBF pathway. Therefore, CsWAK12 may serve as a candidate gene for the molecular breeding of cold resistance in tea plants.
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1 Introduction

Wall-associated kinases (WAKs) constitute a distinct subfamily of receptor-like kinases (RLKs). Their extracellular domains are tightly bound to the pectin of the cell wall and play a crucial role in the plant’s response to stress (He et al., 1996; Anderson et al., 2001). In recent years, the WAK gene family has been identified in various plants, including Arabidopsis, tobacco, cotton, tomato, rice, and barley, and has been confirmed to be involved in plant growth and development, pathogen response, abiotic stress response, and other physiological processes (Dou et al., 2021; Zhang et al., 2005; Tripathi et al., 2020; He et al., 1999; Kurt et al., 2020; Yu et al., 2022). Antisense WAK2 or WAK4 in Arabidopsis, which resulted in a 50% decrease in WAK protein levels, led to reduced cell elongation, blocked lateral root development, and dwarfed plants (Lally et al., 2001; He et al., 1999). OsWAK10 in temperate Oryza japonica accessions regulates cellulose synthesis in the secondary cell wall by sensing pectic cell wall components, thereby controlling plant height and stem strength in rice (Cai et al., 2023). The cotton gene GhWAK7A mediates chitin-induced signaling pathways, activating downstream gene expression by phosphorylating lysin-motif-containing receptor-like kinases (LYKs/CERK1), specifically GhLYK5 and modulating the chitin-induced association between GhLYK5-GhCERK1 to enhance resistance against the infections of Verticillium dahliae and Fusarium oxysporum f. sp. vasinfectum (Lin et al., 2020). The overexpression of OsWAK112 in rice and Arabidopsis significantly decreased plant survival under salt stress, while the knockdown of OsWAK112 in rice enhanced plant survival under the same condition. This indicates that OsWAK112 negatively regulates plant salt responses by inhibiting ethylene production, possibly through direct binding with OsSAMS1/2/3 (Lin et al., 2021). Additionally, silencing CaWAKL20 improved the heat tolerance of pepper; however, Arabidopsis CaWAKL20-OE lines exhibited decreased sensitivity to abscisic acid (ABA), resulting in increased heat sensitivity. This suggests that CaWAKL20 negatively modulates plant thermotolerance by reducing the expression of ABA-responsive genes (Wang et al., 2019).

Tea [Camellia sinensis (L.) O. Ktze] is a traditional plant renowned for producing a popular beverage in China, celebrated for its refreshing qualities, pleasant aroma, and lively palate. With the rise of new-style tea consumption, the value of tea plantations in China has increased significantly. However, temperature variations associated with warm and cold climates pose limitations on the cultivation and growth of the tea plant, which is typically classified as a tropical and subtropical crop. Low temperatures can cause the freezing of cell membranes, leading to cell death, leaf damage, and restricted growth. In recent years, significant advancements have been made in identifying cold stress-responsive RLKs and their associated signaling networks. For instance, Arabidopsis PHLOEM INTER-CALATED WITH XYLEM-LIKE 1 (AtPXL1) is induced by cold and heat stress, but not by drought (Jung et al., 2015). The overexpression of the brassinosteroid receptor (BRI1) gene AtBRI1 resulted in a higher germination frequency of Arabidopsis seeds under cold stratification, while the mutant exhibited reduced sensitivity to cold stratification (Kim et al., 2019). However, the roles of WAKs in response of tea plant to cold stress have not yet been reported.

In our previous research, we identified the tea WAK gene family through in silico analysis and examined its expression patterns using a microarray dataset (Jiao et al., 2023). In this study, we isolated a previously identified WAK gene, designated CsWAK12 (CSS0006198), which exhibited significant cold sensitivity in tea plants. We further characterized the CsWAK12 gene to assess its expression at a chilling temperature of 4°C and investigated plants that heterogeneously overexpressed this gene when subjected to sub-zero temperatures of −8°C. The CsWAK12 protein was localized to the membrane. Additionally, the ectopic expression of CsWAK12 in Arabidopsis resulted in a notable decrease in cold tolerance in the transgenic plants. Specifically, superoxide dismutase (SOD) activity was reduced, and malondialdehyde (MDA) content was inhibited in the CsWAK12 transgenic lines in Arabidopsis. Furthermore, quantitative real-time PCR and transcriptome analysis revealed that AtCBFs were significantly influenced by CsWAK12.




2 Materials and methods



2.1 Plant materials and stress treatment

The tea cultivar “Shu Cha Zao” (SCZ) was cultivated in the Experimental Tea Garden of the Tea Research Institute at the Anhui Academy of Agricultural Sciences, located in Huangshan, Anhui (118.26E, 29.69N). To analyze the tissue expression pattern, apical buds, young leaves, stems, roots, and flowers were collected from the same SCZ plant in the garden in its natural state. Tender branches, approximately 15–20 cm in length, were collected from SCZ and inserted into water-saturated flower mud for cold treatment in a 4°C culture chamber. Conditions in the chamber were maintained at 60% relative humidity, with a 12-h photoperiod and a light intensity of 2,000 lux. Control samples were placed in a tissue culture room at 28°C, also under 60% relative humidity and a 12-h photoperiod with the same light intensity. Young leaves were collected after 0, 3, 6, 12, 24, and 48 h of each treatment. All samples were processed in the morning at 10:00 a.m., wrapped in foil, immediately frozen in liquid nitrogen, and stored at −80°C.




2.2 RNA isolation, cDNA synthesis, and quantitative real-time PCR analysis

Total RNA was extracted from plant materials using the RNAprep Pure Plant Plus Kit (Tiangen, Beijing, China) and subsequently subjected to reverse transcription using PrimeScript™ RT Master Mix (TAKARA, Tokyo, Japan), following the manufacturer’s instructions. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was conducted on a LightCycler® 96 Instrument (Roche, California, USA) utilizing SYBR® Green Pro Taq HS Premix (AGBIO, Hunan, China) by a three-step PCR reaction procedure. The reaction volume was set to 20 μL, and the thermal cycling program consisted of an initial denaturation step at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing/extension at 60°C for 30 s. Each sample was technically replicated three times and the relative expression levels were normalized to the CsACTIN gene (Shen et al., 2019). The primers used for qRT-PCR are detailed in Supplementary Table S1A.




2.3 Plant transformation and generation of overexpressing Arabidopsis plants

The complete coding sequence of CsWAK12 was ligated into the binary vector pCAMBIA3301 (Pyeast, Shaanxi, China), which contains EcoRI and BamHI restriction sites and is regulated by the CaMV35S promoter, utilizing specific primers (Supplementary Table S3B). The relative expression levels were normalized to those of the AtUBQ10 gene. The recombinant plasmid was introduced into the Agrobacterium tumefaciens strain GV3101 (Tsingke, Beijing, China) using the freeze–thaw method. A transgenic Arabidopsis strain was generated by transforming wild-type (WT) Arabidopsis (Columbia-0) through the floral dip method. T1 plants were screened on 1/2 Murashige-Skoog (MS) Modified Plant Media containing 0.05% glufosinate after sterilization with 20% NaClO and 75% alcohol and were confirmed via PCR. T3 transgenic progeny were selfed from T1 for at least two generations and verified by sequencing (Tsingke, Beijing, China).

In brief, plants were grown in a controlled growth chamber under a 16-h light and 8-h dark cycle, maintained at temperatures of 23/22°C and 60% relative humidity for optimal growth. T3 transgenic and WT Arabidopsis seeds were sown on the surface of the aforementioned 1/2 MS Media. The total root growth of 10-day-old seedlings was measured using vernier calipers. Ten seedlings were taken from each strain, with three replicates for each. To compare the seed length of various Arabidopsis types, seeds harvested at the same time were measured and recorded using ImageJ (Schneider et al., 2012). A minimum of 30 seeds from each line were measured.




2.4 Evaluation of cold tolerance in transgenic Arabidopsis seedlings

Following the previously reported protocol, the freezing assay was conducted with minor modifications (Xie et al., 2018; Yang et al., 2023). To evaluate the survival rates of different types of Arabidopsis types under cold stress and tolerance, seedlings were cultivated on medium under normal conditions for 2 weeks before exposure to −8°C for 2 h. Subsequently, all seedlings were kept in the dark at 4°C for at least 12 h post-chilling and then returned to normal conditions for 6 days. After the recovery period, the presence of new young leaves was considered indicators of viable seedlings.

To assess the phenotypic changes in different Arabidopsis types under cold stress, 10-day-old seedlings were transferred to nutrient soil composed of vermiculite and perlite in a 2:1:1 ratio. These 3-week-old seedlings were then subjected to 4°C for 1 week for cold acclimation, followed by exposure to −15°C for 1.5 h, hereinafter referred to as CA. The 4-week-old seedlings in soil were divided into three groups: one group was treated at the low temperature of −8°C for 2 h (NA1), another group was treated at −15°C for 1 h (NA2), and the remaining group was maintained under normal conditions as a control.

To investigate the physiological changes in different Arabidopsis types, 4-week-old seedlings under normal conditions were transferred to −6°C for 0, 1.5, 3, and 6 h to measure SOD activity and MDA content. SOD activity was measured using the SOD Activity Assay Kit (WST-1 Method), while MDA content was assessed using the MDA Content Assay Kit (Solarbio, Beijing, China) to evaluate the cold tolerance of transgenic Arabidopsis seedlings over various durations.




2.5 RNA-seq analyses of cold−related genes in transgenic Arabidopsis seedlings

To investigate the mechanistic network of CsWAK12 in response to cold, comparative transcriptomic analyses were conducted using 4-week-old seedlings from transgenic Arabidopsis lines and WT plants. These seedlings were subjected to −6°C for 3 h, with normal conditions serving as the control. Total RNA was extracted from both overexpressing Arabidopsis and WT plants using the Total RNA Extractor (Trizol) and quantified with the Qubit® 2.0 Fluorometer (Invitrogen, CA, USA) employing Qubit™ RNA High Sensitivity Kits (Invitrogen, CA, USA) for transcriptome analyses. Sequencing was performed on the Illumina Hiseq X Ten platform, and the resulting reads were mapped to the reference genome of A. thaliana (TAIR10) using HISAT2 (Kim et al., 2015). Transcript expression was assessed using RSeQC, and transcript abundance was estimated in transcripts per million (TPM) (Wang et al., 2012). Differentially expressed genes (DEGs) were analyzed with DESeq2 and selected based on Student’s t-test, applying a significance threshold of p < 0.05 and a fold change (FC) greater than 2. A Gene Ontology (GO) enrichment analysis was performed using topGO (Alexa et al., 2006). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs was conducted using the R package clusterProfiler (Yu et al., 2012).

C-repeat/dehydration-responsive element binding factor (CBF) genes, including AtCBF1 (AT4G25490), AtCBF2 (AT4G25470), and AtCBF3 (AT4G25480), were quantified by qRT-PCR. Additionally, the expression level of CsWAK12 in transgenic lines was measured. Arabidopsis AtUBQ10 (AT4G05320) served as the reference gene in qRT-PCR (Liu et al., 2022). The primer sequences for the genes utilized are listed in Supplementary Table S3E. Relative gene expression values were calculated using the 2−ΔΔCt method.




2.6 Statistical analysis

All experiments were conducted with a minimum of three biological replicates. Statistical analyses were performed using Microsoft Excel (Microsoft, Washington, USA) and IBM SPSS Statistics 20 (IBM, New York, USA). The data are presented as mean ± standard deviation (SD). Different letters indicate significant differences at p < 0.05, while the symbol ** denotes significant differences at p < 0.01, as determined by one-way ANOVA.





3 Results



3.1 Molecular characteristics of CsWAK12 and homoeologous genes

The CsWAK12 open reading frame (ORF) was isolated from the tea variety SCZ based on the available putative sequence information in the TPIA database (Gao et al., 2023). Our previous study indicated that CsWAK12 is located on chromosome 4 of the tea plant (Xiao-Yu et al., 2023). The isolated full-length mRNA of CsWAK12 (accession no. PP739783) consists of 2,265 nucleotides (nt) that encode a protein of 754 amino acids with an estimated molecular mass of 83.39 kDa and an isoelectric point of 5.70.

The protein BLAST analysis of the complete amino acid sequences revealed the presence of at least three domains in the CsWAK12 protein, including the wall-associated receptor kinase galacturonan-binding domain, the epidermal growth factor-like domain, and the catalytic domain (Figure 1A). This finding is consistent with homologous genes from Arabidopsis thaliana (NP173549.1), Actinidia chinensis (PSS00108.1), Camellia lanceoleosa (KAI8015626.1), Hibiscus trionum (GMI82953.1), Melia azedarach (KAJ4700806.1), Nicotiana tabacum (XP016513667.1), Oryza sativa (XP015635765.1), and Vitis vinifera (RVW51064.1). These results suggest that the structure of CsWAK12 and homologous genes is relatively conserved, implying that they may perform similar functions. Furthermore, the phylogenetic analysis indicated that the CsWAK12 protein shares greater similarities with CsWAK2 from Camellia lanceoleosa (Figure 1B).




Figure 1 | Sequence alignment, phylogenetic analysis, and expression pattern of CsWAK12. (A) Multiple sequence alignment of homologous genes of CsWAK12. Different domains are represented by different colors, where the GUB WAK bind domain is light blue, the EGF domain is green, and the catalytic domain is purple. (B) The phylogenic tree of CsWAK12 in different plant species was plotted by the MegAlign software. (C) qRT-PCR analysis of the CsWAK12 transcript in different tissues of SCZ. The total RNA was isolated from the samples of bud, leaf, stem, roots, and flowers. (D–J) The expression levels of CsWAK12 in tea leaves under low-temperature treatment. Error bars represent ± SD (n = 3). Different letters indicate significant differences at p < 0.05 according to two-way ANOVA (Duncan’s multiple range test). Statistically significant differences were indicated by *p < 0.05; **p < 0.01; ***p < 0.001;****p < 0.0001 according to unpaired t-test.






3.2 Expression patterns of CsWAK12 in tea plant

To investigate the potential functions of CsWAK12, we examined its relative expression across various tissues of naturally growing tea plants. We performed qRT-PCR to analyze the expression patterns of CsWAK12 in different tissues of SCZ, including bud, leaf, stem, root, and flower. The results indicated that the CsWAK12 gene exhibited the highest expression in young leaves and the lowest expression in apical buds. Notably, CsWAK12 was expressed in all examined organs, with the highest levels found in leaves, and the lowest in flowers, suggesting that CsWAK12 plays significant roles in leaf development (Figure 1C).

To further explore the potential function of CsWAK12 in the cold response of tea, we subjected long fresh shoots of SCZ to low-temperature conditions (4°C) for indoor simulated cold stress. qRT-PCR analysis revealed that CsWAK12 was upregulated under cold stress, exhibiting more than a twofold increase in relative expression values. Notably, CsWAK12 transcripts peaked at 3 h at 4°C, reaching approximately a 10-fold increase compared to the control treatment (Figure 1D). This increased expression was also significantly greater at 6, 24, and 36 h post-treatment (Figures 1E–I), while a significant decrease at 48 hours (Figure 1J).




3.3 Overexpression of CsWAK12 improves the growth of Arabidopsis

The CsWAK12 gene, driven by the CaMV35S promoter, was successfully transformed into Arabidopsis. Eleven overexpression lines of CsWAK12 were obtained from which three lines exhibiting notably high expression levels were selected: OE-CsWAK12#9, OE-CsWAK12#13, and OE-CsWAK12#14, referred to as OE9, OE13, and OE14, respectively (Figure 2A). These lines were chosen from T3 homozygous lines for further characterization. Phenotypic analysis of the transgenic lines indicated that CsWAK12 promotes growth in Arabidopsis, as evidenced by increased root length and seed size (Figure 2B). Notably, the average root length of OE14 was 7.34 mm longer than that of the WT. The average seed lengths measured 460.51 μm for OE14, 442.98 μm for OE9, and 428.06 μm for OE13, while the WT measured 395.65 μm (Figures 2C, D).




Figure 2 | Overexpression of CsWAK12 promotes the growth in transgenic Arabidopsis. (A) The transcription level of the CsWAK12 gene in different lines. (B) The boxplot showed the seed size of transgenic lines. The lower graph showed the seed of transgenic lines. (C) The phenotypes of CsWAK12 transgenic lines grown on medium. (D)The boxplot showed the root length of transgenic lines. The error bars indicate the SDs from three biological replicates. ** indicates a significant difference at the 0.01 level. Different lowercase letters indicate significant difference (P–0.05).






3.4 Overexpression of CsWAK12 reduces the cold tolerance of Arabidopsis

To assess the cold tolerance of CsWAK12 transgenic lines, 2-week-old WT and transgenic seedlings grown on 1/2 MS plates were transferred to −15°C for 1 h (Figure 3A). Additionally, 4-week-old WT and transgenic seedlings grown in nutrient soil were subjected to −8°C for 2 h and −15°C for 1 h. We observed that the overexpression of CsWAK12 resulted in an altered cold tolerance phenotype (Figure 3B). All three transgenic lines exhibited reduced cold tolerance, as evidenced by lower survival rates. While the survival rates of WT and transgenic lines were compared under normal growth conditions, they differed significantly following cold treatment. Specifically, 59% of WT Arabidopsis survived exposure to −8°C for 2 h, whereas only 27% of transgenic Arabidopsis survived (Figure 3C). In summary, the survival rate of transgenic plants without cold acclimation was significantly lower than that of WT plants. These transgenic plants exhibited stunted growth, shorter root lengths, reduced plant height, and wilted, yellowing rosette leaves after exposure to freezing conditions. Although cold-acclimated transgenic plants demonstrated some degree of cold resistance, their growth rate remained slower, and their survival rate was still diminished. Furthermore, transgenic Arabidopsis demonstrated significantly altered levels of SOD activity and MDA (Figures 3D, E). The activity of SOD in WT plants gradually decreased with prolonged cold treatment while the transgenic lines exhibited an overall increase in activity. In contrast, the MDA content in WT plants increased steadily with extended cold exposure. In the transgenic line OE9, MDA levels rose rapidly within the first 3 h but subsequently decreased. The transgenic line OE13 exhibited a similar trend to the WT, albeit with a higher growth rate. Additionally, MDA levels in line OE14 displayed an inhibition pattern after exposure to cold (Supplementary Table S4A).




Figure 3 | Overexpression of CsWAK12 in Arabidopsis reduced cold tolerance. (A) The left panel shows the phenotypes of wild-type and transgenic plants growing normally for 2 weeks, while the right panel illustrates the phenotypes of wild-type and transgenic plants after cold treatments at −8°C for 2 (h) (B) Phenotypes of the transgenic lines and WT plants after freezing. Four-week-old pot-grown Arabidopsis plants were treated with −8°C for 2 h (NA1) and −15°C for 1 h (NA2), after which they were recovered for 7 days. (C) Survival rate of WT and transgenic Arabidopsis lines under cold stress. (D) Activity of SOD and (E) content of MDA of the transgenic lines and WT plants after −6°C. The error bars indicate the SDs from three biological replicates. ** indicates a significant difference at the 0.01 level.






3.5 CsWAK12 affects the expression of cold-responsive genes in Arabidopsis

The signal transmission of cold stress is closely correlated to the core CBF (C-REPEAT BINDING FACTOR) regulatory pathway, which plays an important role in the plant cold stress response (Liu et al., 2018). To understand the potential mechanisms of altered cold tolerance in CsWAK12 transgenic plants, we examined the relative expression of CsWAK12 and AtCBFs (AtCBF1, AtCBF2, and AtCBF3) genes in WT and transgenic Arabidopsis under −6°C treatment with different duration by qRT-PCR and the normal condition as control. In general, AtCBFs in transgenic lines were suppressed before the cold treatment and rapidly induced by cold at 1.5 h. It was noteworthy that AtCBF2 was significantly inhibited in transgenic lines at 3 h, while the differences in performance of AtCBF1 and AtCBF3 were insignificant between transgenic lines and WT. After 6 h, the expression of AtCBFs tended to be consistent eventually (Supplementary Table S4B). Owing to the expression changes of AtCBFs, we detected the relative expression of AtICE1, which was considered as the core transcriptional regulatory element of AtCBFs. It was not surprising that the expression level of AtICE1 was stable and the differences between transgenic lines and WT were relatively subtle (Figure 4). Additionally, we examined several key cold response genes associated with AtCBFs, including AtKIN1, AtCOR15A, AtCOR15B, AtCOR47, and AtRD29A, using qRT-PCR (Supplementary Figure 1). These genes displayed distinct expression patterns, indicating that CsWAK12 may be involved in complex cold response mechanisms. For instance, the fluctuations in AtCOR15A expression were minimal in the WT, whereas they were significantly elevated in the transgenic lines. Furthermore, the expression of AtCOR15B in the transgenic line OE14 was higher than that of the WT under normal conditions, but decreased to levels comparable to the WT under cold treatment.




Figure 4 | Expression pattern of CsWAK12 and cold-related genes in Arabidopsis plants. The expression of AtCBF1 (A), AtCBF2 (B), AtCBF3 (C), and AtICE1 (D) in transgenic lines and WT. The error bars indicate the SDs from three biological replicates. ** indicates a significant difference compared with WT under each treatment at the 0.01 level.






3.6 Transcriptome analysis of CsWAK12 transgenic Arabidopsis

To investigate the potential molecular roles of CsWAK12 in cold stress responses, we conducted a comparative transcriptome analysis of both WT and OE14 under normal growth conditions (N) and cold stress (C) using the Illumina Hiseq X Ten sequencing platform. A total of 99.33 GB raw reads were obtained from all tested samples. More than 87.86 GB average clean data ratio was above 95% (Q20 > 97.64% and Q30 > 93.73%) (Supplementary Table S5).

DEGs were analyzed between each sequential stage (WT N/C and OE14 N/C) based on fragments per kilobase of transcript per million mapped reads (FPKM), applying thresholds of false discovery rate (FDR) < 0.01 and FC > 2. In WT, we identified 1,221 upregulated and 897 downregulated genes, while in OE14, there were 1,905 upregulated and 685 downregulated genes (Figure 5A). Overall, a total of 3,349 DEGs were identified between the two comparison groups, with 759 DEGs specific to WT and 1,231 DEGs specific to OE14 (Figure 5B). To further clarify the function categories of the DEGs induced by cold stress, we conducted a GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. Generally, a corrected p-value (Q-value) of less than 0.05 indicates significant enrichment of functions. As presented in Supplementary Table S6, the GO terms associated with DEGs in OE14 N/C significantly differ from those in WT N/C. Notably, the biological regulation of biological processes (GO:0065007, Q-value = 1.89E-14), the extracellular region of cellular components (GO:0005576, Q-value = 5.13E-12), and the catalytic activity of molecular functions (GO:0003824, Q-value = 7.54E-05) were particularly prominent. Furthermore, KEGG enrichment analysis of DEGs in OE14 N/C indicated that CsWAK12 may be involved in secondary metabolic pathways such as phenylpropanoid biosynthesis (ko00940, Q-value = 1.42E-05), alpha-linolenic acid metabolism (ko00592, Q-value = 5.40E-05), and glucosinolate biosynthesis (ko00966, Q-value = 6.63E-03) (Supplementary Table S7). These results suggest that the cold response mechanisms regulated by CsWAK12 in plants are complex.




Figure 5 | Classification of the assembled transcripts and the differentially expressed genes (DEGs). (A) Histogram of DEGs in two comparison groups between WT and OE14. (B) Venn diagram of OE14-specific DEGs in two comparison groups between WT and OE14. (C) Heatmaps of OE14-specific DEGs classified as TF. (D) Heatmaps of DEGs classified as PK. Log2(TPM Fold Change) ≥ 1 or ≤−1 and p < 0.05 were used as the standard for screening DEGs. The symbol “N/C” refers to a comparative transcriptome analysis of Arabidopsis plants under normal growth conditions (N) and cold stress (C).



The specific DEGs in OE14 N/C were predicted using iTAK, revealing 17 transcription factors (TFs) and 17 protein kinases (PKs) that exhibited significant expression changes under cold stress (Figures 5C, D). The expression of TFs such as MAF5 (AT5G65080) and FLC (AT5G10140) was significantly inhibited under cold stress, whereas MYB34 (AT2G31010), WRKY28 (AT4G18170), and JAZ10 (AT5G13220) were significantly activated (Supplementary Table S8A). Notably, ERF (AT4G28140) expression was reduced in WT under cold stress but was highly induced in the overexpressing (OE) line. Regarding PKs, genes such as MAPK3 (AT2G31010) were significantly inhibited under cold stress, while FRK1 (AT2G19190) and WAK1 (AT1G21250) were significantly activated (Supplementary Table S8B).

The genes involved in the CBF pathway contribute to the formation of cold resistance in plants (Supplementary Table S10) (Kidokoro et al., 2021, 2023). To investigate the underlying mechanisms of cold sensitivity in transgenic plants, we analyzed the expression patterns of 40 genes associated with the CBF pathway using transcriptome data (Supplementary Table S11). The result showed that the expression of circadian clock-related genes, such as REVEILLE 4 (RVE4), Central Circadian Oscillator 1 (CCA1), Late Elongate Hypocotyl (LHY), and Night Light-inducible and Clock-Regulated (LNKs), was significantly induced in the OE line. In contrast, several TF genes, including ERF53/54, CBFs, and DREB2A, were markedly reduced in the OE line (Supplementary Figure 3). These findings suggest that CsWAK12 may play a role in the biological processes related to plant biorhythms, thereby influencing plant cold tolerance by inhibiting the expression of positive regulatory TFs.





4 Discussion

Multiple RLKs have been confirmed to play a role in the response to cold stress. CRPK1 (Cold-responsive protein kinase 1) negatively regulates cold tolerance by phosphorylating 14-3-3λ, which has been shown to promote the destabilization of CBF proteins via the 26S proteasome pathway in Arabidopsis (Liu et al., 2017). Overexpression of MRLK2 (FERONIA gene) in apple enhances the expression of the cold-responsive genes and anthocyanin biosynthesis-related genes, resulting in increased cold tolerance in the OE lines (Jing et al., 2023). Moreover, overexpressing BRI1 in Arabidopsis facilitates seed germination under cold stratification, whereas the bri1-5 mutant exhibits significantly reduced sensitivity to cold stratification and inhibits the expression of CBF1/2 genes (Kim et al., 2019). It is intriguing to consider whether the WAK gene is also involved in cold response functionality. In this study, we report that a cell wall-associated RLK from tea plant, CsWAK12, serves as a potential negative regulator of the cold stress response. CsWAK12 is induced by cold in the tea plant and reduces cold tolerance in Arabidopsis lines overexpressing CsWAK12, as evidenced by decreased seedling survival rates, SOD activity, and MDA content.

WAKs are considered as physical connections between the cell walls and the plasma membrane in higher plant. Gold conjugated secondary antibodies targeting the WAK1 antiserum localize to the surfaces of Arabidopsis leaf cells, particularly in the cell wall region, which can be visualized using both light and electron microscopy (He et al., 1996). Green fluorescence was observed along the edge of the cells after the transformation of the GFP-tagged CaWAKL20 coding sequence from pepper into onion epidermal cells (Wang et al., 2019). Similarly, in the case of the tea plant, the fusion protein CsWAK12-GFP was localized to the cell membrane after being introduced into tobacco leaves in this study (Supplementary Figure 2).

WAK proteins have been shown to play a significant role in plant growth and development. Antisense expression of WAK in Arabidopsis leaves, which resulted in a 50% reduction in total WAK protein levels, led to smaller leaf cells and consequently to dwarf plants (Lally et al., 2001; Kohorn et al., 2006). In rice, various WAK genes regulate growth through distinct mechanisms. OsWAK10 and its variants modulate cell wall signals to control the amplitude of secondary wall cellulose synthesis by amplifying pectin-derived signals, which, in turn, influences the height of rice stems (Cai et al., 2023). Conversely, OsWAK11 negatively regulates the stature, leaf angle, and seed length of rice plants by phosphorylating and repressing OsBRI1 activity, a crucial regulatory site for rice architecture (Yue et al., 2022). Therefore, WAKs may exhibit differential roles in plant growth and development. In our study, CsWAK12 was found to promote growth in Arabidopsis OE lines, enhancing root length, seed size, and overall growth potential (Figure 3). It is acknowledged that plants may suppress growth to redirect energy toward defense against environmental stress. Regarding the specific function of the CsWAK12 gene, it appears to inhibit the cold stress response while simultaneously promoting growth, indicating heightened sensitivity to cold. The intriguing functional model of CsWAK12 in relation to cold stress and physiological growth warrants further elucidation.

To investigate the functional model in depth, we analyzed the relationship between CsWAK12 and the classical cold response CBF pathway. CBFs play crucial roles in plant response to cold stress, as their expression is rapidly induced by cold conditions. This induction enables CBFs to bind to the promoter regions of Cold-Regulated (COR) genes, activating their expression and thereby positively regulating cold resistance in plants. In our research, we observed the expression of CBF genes in WT and OE lines during cold treatment. Notably, the expression of CBFs in OE lines was suppressed at 1.5 h but induced at 3 h under normal conditions. Although cold stress induced CBF expression, we noted considerable variation in the magnitude of these changes between WT and OE lines. These results suggest that CsWAK12 may be involved in the CBF pathway, potentially reducing cold resistance by interfering with the transcriptional activity of CBFs. Inducer of CBF expression 1 (ICE1) is a master regulator of CBFs, encoding an MYC-like bHLH TF, that binds to canonical MYC cis-elements in CBF promoters, thereby positively regulating CBF gene expression (Miura et al., 2007). As a core component of the CBF signaling pathway, the transcriptional level of ICE1 is not induced by low temperature; however, its protein level is regulated by various modifications, including ubiquitination and phosphorylation (Ye et al., 2019). In our study, the relative expression of ICE1 was only slightly affected by low temperature in both WT and transgenic lines, consistent with previous findings. We speculate that CsWAK12 may play a role in the post-translational modification of ICE1, which subsequently influences the expression of CBFs.

Numerous reliable studies have confirmed that TFs such as MYB, WRKY, ERF, and JAZ are involved in the cold stress response in plant (Xu et al., 2018; Li et al., 2023; An et al., 2022). MdMYB308L interacts with MdbHLH33, enhancing its binding to the promoters of MdCBF2 and MdDFR in apple (Xie et al., 2018). Arabidopsis plants overexpressing PbMYB1L from pear exhibited significant anthocyanin accumulation in leaves following cold treatment, which significantly induced the expression of AtCBF genes, resulting in enhanced cold tolerance (Zhou et al., 2024). WRKY33 in both wild and cultivated tomatoes positively regulates cold tolerance (Guo et al., 2022). In rice, WRKY53 mediates the crosstalk between brassinosteroid (BR) signaling and the MAPK pathway to regulate plant architecture and seed size, while negatively regulating rice cold tolerance at the booting stage by fine-tuning anther gibberellin levels (Tang et al., 2022; Tian et al., 2021). Our previous research found that transgenic Arabidopsis lines overexpressing CsWRKY29 and CsWRKY37 genes exhibited higher survival rates and lower MDA levels under freezing treatment compared to WT plants (Zhao et al., 2022). In this study, we also observed that CsWAK12 altered the expression of several TF genes. MYB34, WRKY28, and WRKY70 were inhibited in transgenic lines under normal conditions but were more strongly induced by low temperatures (Supplementary Table S5A). These results suggest that CsWAK12 plays a negative role in activating cold response TF genes. Therefore, it would be interesting to investigate the downstream cooperators of CsWAK12 to elucidate the cold response pathway.

Mitogen-activated protein kinases (MAPKs) represent a crucial signaling link between cell surface receptors and both transcriptional and enzymatic regulation in eukaryotes. Evidence suggests a role for MAPKs in WAK signaling. Protoplasts from plants homozygous for the null allele wak2-1 exhibited a reduction in the activation of MPK3 (Kohorn et al., 2009). MPK6 is likely a target of WAK2cTAP, a dominant allele of WAK2, which serves a distinct function compared to MPK3 (Kohorn et al., 2012). Our research demonstrated that MAP3K was highly induced in the OE line, while MAPK19 was inhibited under normal growth conditions. However, MAPK19 was induced by cold in the OE line. These results indicate a role for MAPKs in CsWAK12 signaling during cold stress. Furthermore, the expression of WAK1 in the OE line was initially inhibited but was subsequently strongly induced by cold, whereas CsWAK12 exhibited the opposite pattern. This suggests that CsWAK12 has an antagonistic relationship with WAK1 in response to cold. Future studies will be intriguing to explore the potential complementary functions of the CsWAK12 and WAK1 genes.




5 Conclusion

In this study, we report that tea CsWAK12 possesses conserved domains characteristic of the WAK family and is localized to the plasma membrane. The expression of CsWAK12 is upregulated in response to cold stress. Overexpression of CsWAK12 promotes plant growth but decreases Arabidopsis tolerance to cold stress. Additionally, overexpressing CsWAK12 reduces the cold-induced expression of CBF genes under normal conditions, although their expression is more strongly induced by cold stress. Therefore, we suggest that CsWAK12 negatively modulates plant cold tolerance by interfering with the transcriptional activity of CBFs. Our results lay a foundation for further understanding the functional mechanisms of WAKs in plant adaptation to environmental stress.
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MdCPKla

PpCBF6

PpCBF1

PpyCBFI-3

BB-CBF

VVCBF2
VVCBF4
VVCBFL
VVCZFPL
PgCBF3

PgCBE7

PtCBF

MaPIP2-7

MusaPIP1;2

DICBFI1-3

LeCOR413PM2

LeGPA1

AtCBF1

AtCBF1-3

ZmDREBIA

OsDREBIA

OsDREBIA/B

GmDREBIB

BaAFP-1

IbCBF3

BnCBF5, BnCBF 17

Malus domestica (apple)

Prunus persica (peach)

Pyrus pyrifolia
(Asian pear)

Vaccinium corymbosum
(Highbush blueberry)

Vitis vinifera (grape)

Punica granatum
(pomegranate)

Poncirus trifoliata
(trifoliate orange)

Musa acuminata L.
(banana)

Dimocarpus longan
(longan)

Lycopersicon esculentum
(tomato)

Solanum tuberosum
(potato)

Zea mays (maize)

Oryza sativa (rice)

Glycine max (soybean)

Hordeum vulgare (malting
barley)

Ipomoea batatas (sweet
potato)

Brassica napus (rapeseed)

Fruit Trees and Shrubs

Overexpression in tobacco increased freezing, salt, and cold tolerance, root length, and
antioxidants, while reducing membrane damage and lipid peroxidation

Transient overexpression prevented sucrose degradation and increased chilling tolerance
in peach fruit.

Overexpression in apple increased freezing tolerance in both non-acclimated and
acclimated conditions

Overexpression in Arabidopsis enhanced tolerance to low temperature, salt, and drought
stresses while reducing ROS production

Overexpression in Arabidopsis enhanced freezing tolerance and induced certain
COR genes

Overexpression in Arabidopsis enhanced cold tolerance

Overexpression in Arabidopsis increased cold resilience by raising proline, total soluble
sugar levels, and enzymatic activity (CAT, SOD, and peroxidase), while reducing
electrolyte leakage, MDA content, and ROS production

Exhibited increased accumulation in response to low temperature

Overexpression enhanced tolerance to multiple abiotic stresses (low temperature, drought,
salt) by maintaining osmotic balance, reducing membrane injury, and increasing
chlorophyll, proline, soluble sugar, and ABA

Overexpression improved cold resilience by reducing MDA levels, increasing proline and
relative water content, and enhancing photosynthetic efficiency

Overexpression in Arabidopsis improved cold tolerance by increasing proline
accumulation, reducing ROS content, and upregulating cold-responsive genes in the
CBF pathway

Solanum

Overexpression prevented membrane damage by increasing antioxidant enzymes, ROS
scavenging, reducing PSII photoinhibition, and improving osmotic regulation, while
suppressing by RNAi resulted in increased sensitivity of plans to cold

Overexpression increased cold tolerance by inducing ICE-CBF pathway genes and
enhancing SOD, peroxidase, CAT, proline, and total soluble sugar levels, while reducing
ROS production and lipid peroxidation

Heterology expression of the Arabidopsis AfCBF1 in tomato improved plant resilience to
low temperature by inducing CAT1 gene expression and reducing H,O, levels. It also
enhanced tolerance to oxidative damage from methyl viologen

Overexpression of Arabidopsis AtCBF genes resulted in improved freezing tolerance
in potato

Field Crops

Overexpression in Arabidopsis induced COR genes and conferred plant’s tolerance to
cold, drought and high salinity stresses

Overexpression in Arabidopsis conferred plant’s tolerance to cold, drought and high
salinity stresses

Overexpression in Arabidopsis improved tolerance to drought, high-salt and low-
temperature. Also, it increased the contents of osmoprotectants such as free proline and
various soluble sugars

Overexpression in Arabidopsis resulted in elevated tolerance to abiotic and
environmental stresses such as cold, drought, salinity, and heat

Increased accumulation observed after cold acclimatization

Overexpression led to enhanced tolerance to cold, drought and oxidative stress, and
showed improved photosynthesis efficiency and reduced hydrogen peroxide levels

Overexpression improved freezing tolerance, COR genes mRNA accumulation,
photosynthesis-related gene transcript levels accumulation, and chloroplast development
resulting in increased photosynthetic efficiency and capacity

(Dong et al.,
2020)

(Cao et al,
2021)
(Wisniewski
et al, 2011)

(Ahmad et al.,
2019)

(Polashock
et al, 2010)

(Takuhara et al
2011)

(Wang et al.,
2022)

(He et al,
2012)

(Xu et al,,
2020)

(Sreedharan
etal, 2013)

(Yang et al,,
2020)

(Zhang et al,,
2021)

(Guo et al,,
2020)

(Hsieh et al.,,
2002)

(Pino et al.,
2007)

(Qinetal,,
2004)

(Dubouzet
et al,, 2003)

(Ito et al.,
2006)

(Kidokoro
etal, 2015)

(Ding et al.,
2015)

(Jin et al.,
2017)

(Savitch et al.,
2005)

MfLEA3 Medicago falcata (yellow | MfLEA3 was induced by cold, dehydration, and ABA. Its constitutive expression (Shi etal,
alfalfa) enhanced tolerance to cold, drought, and high-light stress in transgenic tobacco plants, 2020)
along with higher CAT activity.
Ornamental Plants
SikCOR413PM1 Saussurea involucrata Overexpression in tobacco enhanced cold tolerance through Ca®* signaling and (Guo, et al,,
(snow lotus) membrane stabilization 2019a)

SiDHN Overexpression in tomato enhanced cold tolerance by preserving cell membrane integrity, = (Guo, et al.,
increasing chlorophyll a and b contents, carotenoid, reducing chlorophyll photo- 2019b)
oxidation and ROS accumulation, and improving antioxidant enzyme activity and
photochemical electron transfer efficiency

Herbaceous Plants

AtCBF2 Arabidopsis thaliana Loss-of-function mutants resulted sensitivity to freezing after cold acclimatization and (Zhao et al.,
high salinity 2016)

OST1 Overexpression enhanced freezing tolerance, while ostl mutants showed freezing (Ding et al.,
hypersensitivity. Cold-activated OST1 phosphorylates ICEI and boosts its stability and 2018)
transcriptional activity in the CBF pathway.

Phospholipase DS (PLD6) Overexpression increased freezing tolerance, while knockout increased sensitivity. PLD3 (Li et al., 2004)
gene is involved in membrane lipid hydrolysis, contributing ~20% to phosphatidic acid
production; its overexpression enhanced phosphatidic acid production

AtDREBIA Nicotiana tabacum Overexpression of Arabidopsis A{DREBIA gene enhanced drought and cold stress (Kasuga et al,,

(tobacco) tolerance in tobacco by inducing abiotic stress-related genes and interacting with the 2004)
dehydration responsive element

PpCBF3 Poa pratensis (kentucky Transient overexpression in Arabidopsis increased freezing tolerance by reducing (Zhuang et al.,

bluegrass) electrolyte leakage, H,0, and O, contents, increasing chlorophyll content and 2015)
photochemical efficacy, and upregulating cold tolerance genes

BdIRI-7 Brachypodium distachyon Knockdown mutants exhibited reduced freezing survival and impaired ice-crystal growth (Bredow et al.,

(Purple false brome) restriction in plants, while showing increased membrane damage and electrolyte leakage. 2016)

PsCOR413PM2 Phlox subulate (creeping Overexpression in Arabidopsis improved low-temperature tolerance by modulating Ca* (Zhou et al,,

phlox) flux and influencing the expression of stress-related COR and CBF genes 2018)

PHLHY1, PHLHY2

EgCBF3

Populus tremula x
Populus tremuloides
(poplar)

Elaeis guineensis var. Dura
x Pisisfera (oil palm)

Others

RNAi knockdown compromised freezing tolerance during winter dormancy

Overexpression in tomato improved abiotic stress tolerance under in vitro conditions

(IbAfiez et al,,
2010)

(Ebrahimi
et al., 2016)
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Pathogenesis-related

CA.PGAVv.1.6.scaffold1129.55 B 8.37
protein 5
CA.PGAVv.1.6.scaffold104.8 Proline-rich protein 4 8.12
1-aminocyclopropane-1-
CA.PGAv.1.6.scaffold793.22 carboxylate oxidase 8.07
homolog 2
Desiccation-related protein
A.PGAv.1.6.scaffold305.57 157
CAPGAY.16scaffo PCC13-62
CA.PGAv.1.6.scaffold165.2 Cytochrome P450 81E8 741
CA.PGAV.1.6.scaffold160.28 Heat shock 70 kDa protein 7.11
Dehydration-responsive
CA.PGAv.1.6.scaffold851.27 element-binding protein 6.94
2C
Transcription factor
CA.PGAv.1.6.scaffold1129.23 | MYB3-like 6.94
CA.PGAv.1.6.scaffold1239.15 = Growth-regulating factor 8 6.11
CA.PGAVv.1.6.scaffold927.3 Peroxidase 36 5.86
Leucine-rich repeat
CA.PGAVv.1.6.scaffold48.44 receptor-like protein 5.74
kinase TDR
CAPGAv.L6scaffoldsroey | L rnscription factor 550
ol \v.1.6.scattol . s
MYB48-like
Ethylene-responsive
CA.PGAV.1.6.5caffold862.63 transcription factor RAP2- 548
3
CA.PGAv.1.6.scaffold1297.5 Laccase-16 5.17
CA.PGAv.1.6.scaffold352.24 Cytochrome P450 94B3 421
Transcription factor
A.PGAv.1.6.scaffold138.3 .92
GARGAY LGl MYB82-like 22
Dehydration-responsive
CA.PGAVv.1.6.scaffold26.31 element-binding protein 247
1C
CAPGAv.L6scaffoldi71113 | LroPable WRKY , 245
transcription factor 72-like
Transcription factor
CA.PGAVv.1.6.scaffold809.26 230
Voo MYB86-like
Dehydration-responsive
CA.PGAV.1.6.5caffold548.14 element-binding protein 215
1A
CAPGAv16.scaffoldsazg | MYD family transeription 114
factor family protein
Transcription repressor
CA.PGAv.1.6.scaffold362.14 MYB4-like -1.18
NA in-containi
CAPGAV.16.5caffold492.68 € domain-containing 132
protein 21/22-like
144
NA in-containi
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protein 7
1442
CAPGAv16scaffoldsg1s | Toeumetin-like protein- 5.49
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Bold value means paprika treated with CO2 and stored at 4°C for 14 days (14d), followed by
storage for 2 days at 20°C (14 + 2). Od means before storage after treatment.
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Fold

. change
Gene ID Annotation 9
(log 2
ratio)
0d
CA.PGAv.1.6.scaffold1148.6 Oleosin 21.2 kDa 1343
CA.PGAV.1.6.scaffold206.50 Alpha-dioxygenase 1 10.77
CA.PGAV.1.6.scaffold1716.8 9-divinyl ether synthase 9.74
CA.PGAv.1.6.scaffold338.13 Oleosin 18 kDa 8.69
CA.PGAv.1.6.scaffold1856.8 Oleosin 18.5 kDa 8.42
hort-chain dehyd:
CAPGAv.6scaffold1zely | Short-ehain dehydrogenase 731
reductase 4
CA.PGAV.1.6.scaffold174.20 Oleosin 1 7.71
CA.PGAVv.1.6.scaffold338.15 Oleosin 5 7.68
CAPGAv.6scaffold13a42p | AP2like ethylene-responsive 743
transcription factor AIL6
CAPGAV. 6scaffoldages | O [ADPribose] 737
polymerase 3
Ethylene- i
CAPGAV.16scaffoldizagg | Cleneresponsive 673
transcription factor WRIL
11-beta-hyd: teroid
CAPGAV.L6.scaffold732.20 Aoy o 643
dehydrogenase 1A
GDSL esterase/lipase
CA.PGAv.1.6.scaffold4.13 At5g18430 6.01
CAPGAv.6scaffoldzgry | CDSL esterasellipase 574
Atlg71250
CAPGAv.16saaffold7izg | AFlike ethylene-responsive 558
transcription factor AIL6
Diacylgl: 1 ki -like
CAPGAv.16scaffoldsog.s | Docyigyeerol kinase 5-like 514
isoform X1
Putative phospholipid:
CA.PGAv.1.6.scaffold644.44 diacylglycerol acyltransferase 5.00
2
Peroxisomal fatty acid beta-
CA.PGAv.1.6.scaffold1529.2 oxidation multifunctional 472
protein AIMI-like
Di d) 1 ki -like
CAPGAv16scaffoldsosy | Diacyiglycerol kinase S-like 453
isoform X1
Non-specific lipid-transfer 454
CA.PGAv.1.6.scaffold345.6 protein 2 )
CAPGAv.6scaffoldsoss | Dacyiglycerol kinase S-like 423
isoform X1
CA.PGAV.1.6.scaffold798.35 Phospholipase D delta-like 233
CAPGAv.6scaffoldagng | Linolenate hydroperoxide 177
lyase, chloroplastic
CAPGAvL6scaffoldisgsa | Dacgyeerol O 158
acyltransferase 1-like
CA.PGAv.1.6.scaffold702.15 Phospholipase A1-II 1-like 1.58
Phospholi Al-T s
CAPGAV.16.scaffold62.12 ospholipase Al-Theta2 102
chloroplastic
14d
Cardiolipin synthase (CMP- 222
CA.PGAV.1.6.scaffold3104.1 forming), mitochondrial -
14 +2
Probable linoleate 9S-
CA.PGAv.1.6.scaffold1152.14  lipoxygenase 5 5.46
Glycerol-3-phosphate
CA.PGAV.1.6.scaffold338.55 acyltransferase 3-like isoform 536
X1
Enoyl-CoA delta isomerase 1, 521
CA.PGAV.1.6.scaffold869.25 peroxisomal :
Omega-6 fatty acid
desaturase, endoplasmic 4.94
CA.PGAV.1.6.scaffold575.39 reticulum
Omega-6 fatty acid
CA.PGAVv.1.6.scaffold575.39 desaturase, endoplasmic 4.94
reticulum
Lysine histidine transporter- 400
CA.PGAv.1.6.5caffold1235.27  like 8 ’
Omega-6 fatty acid
CA.PGAV.1.6.scaffold575.29 desaturase, endoplasmic 244
reticulum
CAPGAv.L6scaffolds1020 | LiPid phosphate phosphatase 2.09
3, chloroplastic-like
Omega-6 fatty acid
CA.PGAv.1.6.scaffold103.21 desaturase, endoplasmic 1.58
reticulum

Bold value means paprika treated with CO2 and stored at 4°C for 14 days (14d), followed by
storage for 2 days at 20°C (14 + 2). Od means before storage after treatment.
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Sample Length Surf Area Root Volume orks
RR 315.71 + 66.37aA 3991 + 4.38aA 0.59 £ 0.029aA 652 + 97aA 3827 + 593aA
SR 170.47 + 67.71bB 25.86 + 5.45bB 054 + 0.032bB 305 + 102bB 2150 + 498bB
LR 82.34 + 27.56¢C 15.28 + 4.69cC I 027 £ 0.023¢C 112 + 38¢C 836 + 139¢C

Lowercase letters indicates significant difference (0.05>P>0.01) and uppercase letters represents extremely significant difference (P<0.01).
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TF family Gene ID escription Correlati

ARR-B MELO3C016975.2 two-component response regulator ARR12-like -0.9043733 0.00080999
MELO3C023532.2 transcription factor bHLH130-like isoform X2 -0.8627904 0.00274777
. MELO3C020781.2 transcription factor bHLH121 isoform X1 -0.8782129 0.00183893
C3H MELO3C015665.2 zinc finger CCCH domain-containing protein 14-like 0.86642181 0.00251085
CPP MELO3C006510.2 Protein tesmin/TSO1-like CXC 2 0.86381782 0.00267924
DBB MELO3C016115.2 B-box zinc finger protein 22 -0.8500681 0.00369915
ERF MELO3C014181.2 ethylene-responsive transcription factor 3 0.85900818 0.00301046
MELO3C011079.2 GATA transcription factor 25 0.87782345 0.00185886
GATA
MELO3C007882.2 GATA transcription factor 0.87543688 0.00198426
GeBP MELO3C022945.2 mediator-associated protein 1-like 0.86541279 0.0025752
LBD MELO3C005013.2 Lob domain-containing protein 1 0.87612233 0.00194767
MYB MELO3C012077.2 Myb family transcription factor family protein 0.93648017 0.0001998
MYB-Related MELO3C020620.2 telomere repeat-binding protein 5-like -0.9271353 0.00032002
STAT MELO3C016678.2 SH2 domain protein B 0.85480225 0.00332233
MELO3C016966.2 WRKY transcription factor 0.90052453 0.00092635
WRKY MELO3C018717.2 WRKY protein 0.86917051 0.00234117

MELO3C014066.2 WRKY transcription factor 0.85615109 0.00322





OPS/images/fpls.2023.1166262/crossmark.jpg
©

2

i

|





OPS/images/fpls.2023.1166262/fpls-14-1166262-g001.jpg
Total Ligin (mg/g)

4 6

S units (mg/g)

0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25

G units (mg/g)

0.20
0.15
0.10
0.05
0.00

4 6

Storage time (days)

4 6
Storage time (days)






OPS/images/fpls.2023.1166262/fpls-14-1166262-g002.jpg
Relative intensity
- N W A A ®

Relative intensity

Relative intensity

=
=

Relative intensity

EVM0003568

EVM0033729

ab

EVM0043458

0 2 4 6
Storage time (day)

8

L4t EUM0008673

Storage time (day)

EVM0010237

0 2 4

Storage time (day)





OPS/images/fpls.2022.1067680/fpls-13-1067680-g008.jpg
TAA

4 kb





