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Abstract

:

Banana is a typical cold-sensitive fruit; it is prone to chilling injury (CI), resulting in a quality deterioration and commodity reduction. However, the molecular mechanism underlying CI development is unclear. In this study, cold storage (7 °C for 5 days) was used to induce CI symptoms in bananas. As compared with the control storage (22 °C for 5 days), cold storage increased the CI index and cell membrane permeability. Moreover, we found that the expression levels of the WRKY transcription factor MaWRKY70 were increased consistently with the progression of CI development. A subcellular localization assay revealed that MaWRKY70 was localized in the nucleus. Transcriptional activation analyses showed that MaWRKY70 processed a transactivation ability. Further, an electrophoretic mobility shift assay (EMSA) and dual-luciferase reporter (DLR) assays showed that MaWRKY70 was directly bound to the W-box motifs in the promoters of four lipoxygenase (LOX) genes associated with membrane lipid degradation and activated their transcription. Collectively, these findings demonstrate that MaWRKY70 activates the transcription of MaLOXs, thereby acting as a possible positive modulator of postharvest CI development in banana fruit.
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1. Introduction


Banana (Musa acuminata) is one of the most widely grown fruits in tropical and subtropical regions due to its sweet flavor and high nutritional value [1,2]. However, banana is a typical cold-sensitive fruit that is susceptible to chilling injury (CI) symptoms, including pitting, water soaking, and even abnormal fruit ripening, leading to a quality deterioration and commodity loss [3,4]. Therefore, it is important to investigate the underlying molecular mechanism of CI development in postharvest banana fruit.



Plants are regularly exposed to changing environments throughout their life cycle and respond and acclimate to this environmental stress to survive and reproduce [5,6]. Sophisticated signaling cascades are used to induce changes in the expression of temperature-responsive genes that enable plants to withstand temperature stress [7]. The alterations of plant membrane function and structure caused by cold are considered to be the principal events of CI [8]. Under cold stress, the liquid crystal of the cell membrane undergoes a phase transition and transforms into a gel state with poor fluidity. This phase transition leads to an increase in membrane permeability, ultimately resulting in physiology disorder, membrane damage, and CI occurrence [9]. Membrane lipids are the predominant components of plant cell membranes; therefore, the composition of the membrane lipids has an important role in maintaining the stability of the membrane’s structure and function [10]. The composition and content of membrane lipids are regulated by a series of enzymes, such as phospholipase A (PLA), phospholipase D (PLD), lipoxygenase (LOX), and lipase. Specifically, phospholipids are degraded by PLD, PLA, and lipase to free fatty acids (FFAs). LOX promotes membrane lipids’ peroxidation via catalyzing the conversion of unsaturated fatty acids (USFAs) to saturated fatty acids (SFAs) [11]. Previous reports have shown that the enzymatic activity and the transcription of PLA, PLD, LOX, and lipase in banana fruit were induced by a cold environment during storage [4]. Moreover, the enzyme activity and gene expression of PLD and LOX increased in cold-stored green bell peppers [12]. The activity of PLD and LOX rose in line with CI development in zucchini fruit [13]. Generally, the occurrence of CI is caused by changes in membrane lipid degradation and peroxidation enzyme activity in fresh fruit.



WRKYs are one of the largest transcription factor (TF) families in plants. It is widely known that WRKYs are essential modulators of biotic and abiotic stress [14]. In 1994, Ishiguro and Nakamura cloned the first WRKY transcription factor, SPF1, from sweet potatoes. In recent years, with the rapid development of molecular biology and bioinformatics techniques, as well as the unveiling of numerous plant genome sequences, a large number of WRKY genes have been discovered and identified from plants, such as Arabidopsis, corn, rice, potato, tomato, cotton, and cucumber [15]. For example, the overexpression of the OsWRKY71 and OsWRKY76 genes in rice enhances its cold resistance, while the overexpression of OsWRKY63 in rice exacerbates the membrane damage caused by low temperatures, leading to a cold tolerance decrease in the plant. The oswrky63 mutant plant improved its cold tolerance [16,17]. Vitis amurensis VaWRKY12 was upregulated by cold and the overexpression of VaWRKY12 in Arabidopsis could enhance its cold tolerance [18]. The overexpression KoWRKY40 from Kandelia obovate in Arabidopsis improved its cold resistance by regulating the antioxidant system and cold signaling pathway (ICE-CBF-COR) [19]. The overexpression of PmWKY57 from Prunus mume reduced the cold sensitivity in Arabidopsis by upregulating the expression of cold-response genes, including AtCOR6.6, AtCOR47, AtKIN1, and AtRCI2A [20]. To date, however, little has been reported about the molecular aspects of cold-induced WRKY TFs in cold-sensitive fruit, such as banana.



Previously, we demonstrated that CI development in banana fruit was caused by membrane integrity damage and was associated with the enzymatic and genetic manipulation of membrane lipid metabolism. These activities facilitated the degradation of membrane phospholipids and USFAs in banana fruit during the cold storage period [4]. Nevertheless, the transcriptional regulatory mechanisms underpinning WRKY-TF-modulated membrane lipid metabolism in cold-stored banana fruit remain largely unknown. Here, a cold-induced WRKY TF, MaWRKY70, was isolated and characterized from banana fruit. We demonstrate that MaWRKY70 is positively associated with CI development in postharvest banana fruit by activating four LOX genes, namely MaLOX1, MaLOX3.1, MaLOX3.2 and MaLOX4. Our findings thus provide a novel link between MaWRKY70 and CI development in banana fruit.




2. Materials and Methods


2.1. Plant Material and Treatments


Banana fruits at 70–80% maturation were taken from an orchard in Zhangzhou, Fujian, China. The banana fruits were separated into individual fingers and selected based on the absence of mechanical damage and disease, with a uniform size and color. The selected bananas were washed in water and then soaked in prochloraz solution for one minute. After air drying, the fruits were divided randomly into two groups. One group was stored at 7 °C (cold treatment); the other group was stored at 22 °C (control). Banana peel tissues were sampled at 0, 1, 2, 3, 4, and 5 d; frozen in liquid nitrogen; and preserved at −80 °C for further use [4].




2.2. Assessment of CI Index and Cell Membrane Permeability


The CI index was assessed following the methodology of Li et al. [4]. Banana fruits are graded for cold damage according to the size of external browning areas, where 0 indicates no browning area; 1 indicates areas with 1–25% browning; 2 indicates areas with 25–50% browning; 3 indicates areas with 50–75% browning; and 4 indicates areas with 75–100% browning [21,22].



Cell membrane permeability was determined by using the method of Li et al. [4]; the results were calculated as the ratio of the electrical conductivity in both the non-boiled and boiled state and were expressed in %.




2.3. RNA Extraction and cDNA Synthesis


The total RNA of banana peel was extracted by an RNAprep Pure Plant Kit (Tiangen, Bejing, China). The protocol of RNA extraction followed the manufacturer’s instructions, including the following steps: (a) 100 mg fruit tissues were ground into a powder in liquid nitrogen; 450 μL buffer RL was added (β-mercaptoethanol was added before use); and it was vortexed vigorously, shaken, and stirred evenly; (b) all solutions were transferred to the RNAase-free filter column set (CS) and centrifuged at 13,400× g for 5 min; the supernatant was aspirated from the collection tube into the RNase-free centrifuge tube, avoiding contact with the cell debris precipitate in the collection tube; (c) 225 μL anhydrous ethanol was added and the obtained solution and precipitation were transferred together into the adsorption column set (CR3); it was centrifuged at 13,400× g for 60 s; the waste liquid was discarded from the collection tube, and the adsorption column CR3 was replaced in the collection tube; (d) 350 μL deproteinized solution RW1 was added to the adsorption column CR3 and it was then centrifuged at 13,400× g for 60 s; the waste liquid was discarded from the collection tube and the adsorption column CR3 was replaced in the collection tube; (e) 80 μL DNaseI working solution was added to the center of the adsorption column CR3 and placed at room temperature for 15 min; (f) 350 μL deproteinized solution RW1 was added to the adsorption column CR3 and it was then centrifuged at 13,400× g for 60 s; (g) 500 μL RW buffer was added (ethyl alcohol was added before use) and it was placed at room temperature for 2 min and then centrifuged at 13,400× g for 60 s; the waste liquid was discarded from the collection tube and the adsorption column CR3 was placed into the collection tube; this was repeat once; (h) it was centrifuged at 13,400× g for 2 min, the waste liquid was discarded from the collection tube, and it was placed at room temperature for 5 min; (i) the adsorption column CR3 was placed into a new RNase-free centrifuge tube and 50 μL RNase-free ddH2O was added; it was placed at room temperature for 2 min and centrifuged at 13,400× g for 2 min to obtain an RNA solution.



First-strand cDNA was synthesized via reverse transcription by a cDNA synthesis kit (Vazyme, Nanjing, China), following the manufacturer’s instructions, including the following steps: (a) the genomic DNA was removed and RNase-free ddH2O was added, with 4 × gDNA wiper mix and the template RNA; the reaction took place at 42 °C for 2 min; (b) to prepare the reverse transcription reaction system, 5 × HiScript III qRT SuperMix was added to the above solution; (c) the reverse transcription reaction was performed at 37 °C for 15 min and 85 °C for 5 s.



RT-qPCR was carried out using the Taq Pro universal SYBR qPCR Master Mix (Vazyme, China) on a Bio-Rad CFX96 Real-Time PCR System. The required primers were designed using the Integrated DNA Technologies Website (https://sg.idtdna.com/pages) (accessed on 10 June 2022), and all primers are recorded in Table S1. MaEIF5A-2 was used as the reference gene [23].




2.4. Subcellular Localization


The full-length MaWRKY70 was cloned into the pBE-GFP vector. The pBE-GFP-MaWRKY70 or pBE-GFP (positive control) was transferred to the Agrobacterium tumefaciens strain EHA105 and then injected into tobacco leaves. NLS-mCherry was used as the nuclear marker. After 48 h of infiltration, the fluorescent signal of GFP was observed and imaged through a fluorescence microscope (ZEISS, Oberkochen, Germany) [24,25].




2.5. Dual-Luciferase Transient Expression Analysis


For the analyses of MaWRKY70 transactivation, its coding sequence was inserted into the pGreenII BD-62-SK vector as an effector. The pGreenII 0800-LUC vector, which contains firefly luciferase (LUC) and renilla luciferase (REN), was used as the reporter. For the analyses of MaWRKY70 regarding the activation of the MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 promoters, the MaWRKY70 coding region was cloned into the pGreenII 62-SK vector as an effector, while the promoters of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 were cloned into the pGreenII 0800-LUC vector as a reporter. Different pairs of effectors and reporters were co-transferred to tobacco leaves. After 48 h of infiltration, the LUC and REN activity was measured by a Dual Luciferase Assay Kit (Promega, Madison, WI, USA) in a Luminoskan Ascent Microplate Luminometer (Thermo, Waltham, MA, USA). The LUC/REN ratio was calculated to obtain results on the transcriptional activity [26].




2.6. Y2H Assay


To estimate the transcriptional activity of MaWRKY70 in yeast, the full-length MaWRKY70 was inserted into the pGBK7 vector. The pGBK7-MaWRKY70, pGBK7-empty, and pGBK7-p53+pGAD7 plasmids were transformed into the yeast strain Y2H, respectively, following growth on synthetic defined (SD) medium lacking tryptophan (SD/-Trp) or tryptophan, histidine, and adenine (SD/-Trp-His-Ade). The transcriptional activity of MaWRKY70 was determined according to the growth state and α-galactosidase activity in yeast cells [27].




2.7. Electrophoretic Mobility Shift Assay (EMSA)


The full-length MaWRKY70 was inserted into the pGEX4T-1 vector to fuse to the glutathione S-transferase (GST) tag. GST-MaWRKY70 or empty GST (negative control) was expressed in Rosetta (DE3) E. coli cells, induced with isopropyl-D-thiogalatopyranoside (IPTG), and purified by the GST Purification Kit (Takara, Tokyo, Japan). Probes containing the W-box recognition sequence (C/T)TGAC(C/T)) from the target promoter regions were synthesized and biotin-labeled by 3′ biotin and HPLC purification [27]. EMSA was conducted with a LightShift Chemiluminescent EMSA Kit (Thermo, Waltham, MA, USA), and biotin-labeled DNA was observed on the ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA) [27].




2.8. Statistical Analysis


All experiments were performed at least in triplicate. Data were recorded as the mean ± standard error (S.E.) of three or six independent biological replicates. Significant differences between samples in cold-stored fruits and control fruits were determined by Student’s t-test (* p < 0.05 or ** p < 0.01).





3. Results


3.1. Physiological Changes during Banana Fruit CI Development


Peel browning is an apparent symptom of CI in bananas. As displayed in Figure 1a, the fruits showed an intact peel appearance without any browning. All banana fruits did not exhibit any CI symptoms in the control group (22 °C), but fruit browning was seen after 1 day of storage at 7 °C, and it became increasingly severe (Figure 1a). The CI index and cell membrane permeability are used to evaluate the severity of CI progression [5]. In the control group, the CI index remained 0 during the whole storage period, but it increased greatly in the cold-stored group (Figure 1b). The cell membrane permeability displayed an increasing tendency with the extension of the storage time; it was increased remarkably in cold-stored bananas, and it maintained higher levels compared with control fruits during storage. In cold-stored bananas, the values of cell membrane permeability on day 5 were 4.13-fold higher than on day 0 (Figure 1c).




3.2. Isolation of MaWRKY70


Banana WRKY TFs have been reported to play central roles in regulating CI development [17]. Based on our transcriptome database relevant to CI in banana fruits [2], a WRKY gene (Ma06_g17380), which was markedly upregulated by cold, was selected and identified. The open reading frame (ORF) of Ma06_g17380 is 888 bp, encoding a protein of 296 aa, and it was named MaWRKY70 (XP_009404676.1) following the NCBI database. To investigate the phylogeny of MaWRKY70, a phylogenetic tree showed that Ma06_g17380 was clustered with AtWRKY46 (AT2G46400), which belonged to Group III (Figure 2a). Moreover, the protein alignment of MaWRKY70 with AtWRKY46 (AT2G46400), AtWRKY54 (AT2G40750), AtWRKY55 (AT2G40740), and AtWRKY70 (AT3G56400) showed that they possessed a highly conserved WRKY domain and the putative C2HC zinc-finger motif (Figure 2b).




3.3. Molecular Characterization of MaWRKY70


To analyze the potential association between MaWRKY70 and CI development in banana fruit, the gene expression (RT-qPCR) of MaWRKY70 was studied during storage. The results showed that the expression of MaWRKY70 was obviously upregulated in cold-stored banana fruit, but there was no obvious change in control fruit during the storage time (Figure 3a). To investigate the subcellular localization of MaWRKY70, it was fused with GFP and the MaWRKY70-GFP fusion protein was generated and injected into tobacco leaves for transient expression. As exhibited in Figure 3b, the GFP signal of the MaWRKY70-GFP fusion protein was observed in the nuclei of tobacco cells, while GFP fluorescence (positive control) was observed throughout the cell. NLS-mCherry was used as a marker, and it completely overlapped with the green fluorescence in the cell nucleus.



To test the transactivation activity of MaWRKY70, we employed the Y2H assay in the yeast system and the DLR assay in tobacco leaves. For the Y2H assay, the yeast cells transformed with pGBKT7-53 + pGADT7 (positive control) and the yeast cells harboring pGBKT7-MaWRKY70 survived well on a selection medium (SD/-Trp-His-Ade) and turned blue in the presence of X-α-gal, but the negative control (pGADT7-T vector only) did not survive (Figure 3c), indicating that MaWRKY70 exhibited transcriptional activation activity in yeast. Furthermore, we studied the transcriptional activation of MaWRKY70 in tobacco leaves. Compared with BD-62SK negative control which was expressed as 1, BD-62SK-MaWRKY70 activities the LUC/REN ratio. Similar to the positive control, BD-62SK-VP16 enhanced this value (Figure 3d), suggesting the transcriptional activation activity of MaWRKY70 in tobacco leaves. Collectively, these results demonstrate that MaWRKY70 is a nuclear-localized transcriptional activator that is associated with CI development in postharvest banana fruit.




3.4. Expression Patterns of MaLOXs during Banana Fruit CI Development


LOX promotes membrane lipids’ peroxidation, which has an important role in the CI development process. Our previous transcriptome revealed that the MaLOX genes were greatly upregulated by cold storage [2]; therefore, an RT-qPCR analysis was conducted to confirm the expression of MaLOXs. As shown in Figure 4, the expression of MaLOX1.1 (Ma06_g26850), MaLOX3.1 (Ma08_g23400), MaLOX3.2 (Ma09_g15420), MaLOX1.2 (Ma09_g19140), and MaLOX4 (Ma10_g17560) was induced by cold treatment and they maintained higher levels in cold-stored bananas compared to control fruits. At the peak of the upward trend period (day 4 of storage), the mRNA transcripts of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 in cold-stored bananas were 3.29-, 3.57-, 5.05-, and 3.03-fold higher than those of control fruits (Figure 4).




3.5. MaWRKY70 Activates Transcription of MaLOXs


It is widely known that WRKY TFs regulate their target genes by binding to the W-box cis-element in the promoter [17]. Here, the promoter regions of MaLOXs were scanned, and we found that they all contained putative W-box motifs (Text S1). Moreover, the expression trends of MaWRKY70, MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 were similar during the CI development process (Figure 3a and Figure 4). Therefore, we speculated that these four MaLOXs might be the targets of MaWRKY70. An EMSA was performed to verify the direct binding of the MaWRKY70 protein to the promoters of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4. An EMSA with the purified recombinant MaWRKY70 protein was performed to investigate whether MaWRKY70 could recognize the W-box. The results showed that the purified GST-MaWRKY70 fusion protein (Figure 5a) directly targeted the DNA biotin probes harboring the W-box cis-acting element in the promoters of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 and caused shifted bands, and the band shifting was weakened upon the addition of increasing amounts of the cold probe. No shifted band was observed when the GST protein alone was used with biotin probes (Figure 5b). These results demonstrate that MaWRKY70 targets the W-box motif in the promoters of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4.



Since MaWRKY70 is a transcription activator (Figure 3c,d), the transactivation of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 by MaWRKY70 was further examined through the DLR system in tobacco leaves. For this experiment, MaWRKY70 driven by the 35S promoter was used as an effector, and the LUC gene driven by each promoter of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 was used as a reporter (Figure 6a). As displayed in Figure 6b, when 62SK-MaWRKY70 was co-transformed with the MaLOX1, MaLOX3.1, MaLOX3.2, or MaLOX4 promoter, the LUC/REN ratio was obviously enhanced, as compared to the control, which involved co-transformation with the empty 62SK vector. MaWRKY70 significantly enhanced the reporter activity, 3.02-, 3.29-, 3.57-, 5.05-, and 3.03-fold, under the control of the MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 promoters, respectively, compared with the empty 62SK vector (Figure 6b). These results indicate that MaWRKY70 is a transcriptional activator of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 and acts by directly targeting the binding motifs in their promoters.





4. Discussion


Cold storage is commercially applied in fruit preservation and transport to suppress respiration and metabolism so as to maintain the quality and prolong the shelf-life of fresh horticultural crops [26]. However, the banana fruit is susceptible to CI under low-temperature storage; the development of CI limits the transport and preservation of banana fruit during cold storage [28]. Therefore, a better understanding of CI development is important to improve the quality of postharvest banana fruit. A previous study reported that increased cell membrane permeability was consistent with the development of CI in pineapple fruit during cold storage [29]. Moreover, cold-stored mangoes showed higher levels of cell membrane permeability and more severe CI symptoms compared with control storage mangoes [30]. Here, the CI index and cell membrane permeability exhibited higher levels in cold-stored bananas as compared with control fruits (Figure 1).



The structural integrity of the cell membrane is related to the composition of the membrane lipids. Our previous work showed that membrane lipid degradation and peroxidation enzymes, such as PLD, PLC, DGK, PLA, lipase, and LOX, were increased in line with the CI development process, and the gene expression of MaLOXs from the transcriptome was significantly induced by cold [27]. Similarity, the increased activity and expression of PLD, LOX, and lipase in ‘Nanguo’ pear accelerated membrane lipid degradation and peroxidation, resulting in severe browning and CI [31]. In cucumber fruit, cold stress also induced the expression levels of the CsPLD and CsLOX genes [10]. CI development was in parallel with the increased PLD and LOX activity and the upregulated expression of CmPLD-β and CmLOX in cold-stored Hami melon fruits [32]. The upregulated expression of LOX, PLD and lipase and their enhanced activity were found in cold-stored peaches [33]. CaPLDα4 was associated with CI development in sweet pepper during cold preservation [34]. Here, RT-qPCR assays were conducted to evaluate the expression levels of MaLOXs. Compared to control storage, chilling storage obviously promoted the expression of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 (Figure 4), implying the occurrence of membrane lipid injury and CI in cold storage.



The WRKY family members are widely involved in regulating various biological processes in plants, including fruit ripening, leaf senescence, plant hormone signal transduction, and the biological and environmental stress responses [35]. Fifty-eight WRKY proteins in eggplants were identified and the transcriptome showed that the WRKY genes were differentially expressed in response to a cold environment [36]. CsWRKY46 confers cold tolerance by modulating cold-stress-responsive genes in cucumber [37]. A cold-induced WRKY gene in grape, VvWRKY28, regulated the expression of cold-stress-related genes and played a role in cold stress tolerance [38]. In this study, a CI-inducible WRKY TF, MaWRKY70, was identified. Subcellular localization and transactivation analyses showed that MaWRKY70 was nuclear-localized and displayed a transactivation ability. Moreover, the multiple sequence alignment and phylogenetic tree analyses of MaWRKY70 revealed that it was a homologue of AtWRKY46, AtWRKY70, and AtWRKY54 (Figure 2). In Arabidopsis, AtWRKY46 was found to be a MAPK phosphorylation target involved in plant defense responses [39]. AtWRKY70 could negatively regulate root elongation by inhibiting ROS production [40]. AtWRKY54 interacted with both AvrRps4 and PopP2 and was involved in cell death [41]. These findings suggest the similar stress response function of MaWRKY70.



WRKY TFs could activate or inhibit the transcription of target genes by specifically recognizing the W-box binding elements in the downstream target gene promoter region, and they then participate in plant development and the stress response [42]. For example, FvWRKY50 promoted the expression of FvCHI and FvDFR by binding to their promoters in strawberry fruit [22]. In banana fruit, MaWRKY31, MaWRKY33, MaWRKY60, and MaWRKY71 were involved in abscisic acid (ABA)-induced cold tolerance via binding to the W-box motifs in ABA biosynthesis genes’ (MaNCED1 and MaNCED2) promoters and promoted their expression [43]. In wheat, TaWRKY19 activated the transcription of DREB2A, RD29A, RD29B, and Cor6.6 and bound to their promoters to enhance their abiotic stress tolerance [44]. In apple fruit, MdWRKY40 was directly bound to the promoter of MdDFR to promote anthocyanin accumulation, and it also interacted with MdMYB15L to modulate its inhibitory effect on MdCBF2, indirectly increasing the expression of MdCBF2 and enhancing the plant’s cold resistance [45]. Similarly, W-box elements were found in the promoter regions of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 (Text S1). Therefore, an EMSA and DLR were performed, and the results demonstrated that MaWRKY71 directly bound to the four LOX promoters (MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4) and activated their expression (Figure 5 and Figure 6). Our findings suggest that a banana fruit WRKY TF acts as a positive modulator of CI development, which is associated with their involvement in regulating membrane lipid peroxidation by activating LOX expression. A working model of the possible role of MaWRKY70 in CI development in banana fruit is proposed (Figure 7). During cold storage, the expression level of MaWRKY70 is increased, and it directly activates the transcription of LOXs (MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4). Enhanced LOX activity leads to membrane lipid degradation and to an apparent CI symptom. Collectively, our findings facilitate advances in understanding the molecular events governing CI development in cold-sensitive fresh fruit.




5. Conclusions


In summary, the results show that cold stress can cause CI in banana fruit during the preservation period, as evidenced by the increasing CI index and cell membrane permeability. More importantly, a postharvest CI-inducible transcriptional activator, MaWRKY70, from banana fruit was identified. MaWRKY70 binds to the promoters of four LOX genes, namely MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4, and activates their transcription. This ultimately accelerates the peroxidation of membrane lipids, resulting in membrane structure damage and peel browning. Although our findings illustrate the transcription-regulatory role of WRKYs in CI development in postharvest banana fruit, the post-translational regulatory module that causes CI in banana needs further investigation.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/foods13060854/s1, Table S1: Summary of primers used in this study; Text S1: The cis-elements of WRKY TFs in the nucleotide sequences of MaLOX1, MaLOX1-2, MaLOX3.1, MaLOX3.2 and MaLOX4 promoters. cis-elements of WRKY TFs were underlined. The probe nucleotide sequence used in EMSA assay is indicated in bold. Translation start site (ATG) was shown in yellow.





Author Contributions


Conceptualization, H.W.; Methodology, L.B. and Y.W.; Validation, H.L. (Han Lin); Formal analysis, W.S.; Investigation, H.L. (Han Lin) and L.B.; Data curation, W.W., W.S., Y.W. and R.W.; Writing—original draft, H.L. (Han Lin), L.B. and Z.F.; Writing—review & editing, J.C. and H.L. (Hetong Lin); Visualization, W.W.; Project administration, Z.F.; Funding acquisition, Z.F. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Natural Science Foundation of Fujian Province, China (Grant No. 2021J01110) and the National Natural Science Foundation of China (Grant Nos. 32001747 and 32372776).




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Qamar, S.; Shaikh, A. Therapeutic potentials and compositional changes of valuable compounds from banana—A review. Trends Food Sci. Technol. 2018, 79, 1–9. [Google Scholar] [CrossRef]

	



Asif, M.H.; Lakhwani, D.; Pathak, S.; Gupta, P.; Bag, S.K.; Nath, P.; Trivedi, P.K. Transcriptome analysis of ripe and unripe fruit tissue of banana identifies major metabolic networks involved in fruit ripening process. BMC Plant Biol. 2014, 14, 316. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Bodjrenou, D.M.; Zhang, S.T.; Wang, B.; Pan, H.; Yeh, K.W.; Lai, Z.X.; Cheng, C.Z. The Endophytic Fungus Piriformospora indica Reprograms Banana to Cold Resistance. Int. J. Mol. Sci. 2021, 22, 4973. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Lin, H.; Lin, H.T.; Lin, M.S.; Wang, H.; Wei, W.; Chen, J.Y.; Lu, W.J.; Shao, X.F.; Fan, Z.Q. The metabolism of membrane lipid participates in the occurrence of chilling injury in cold-stored banana fruit. Food Res. Int. 2023, 173, 113415. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Enders, T.A.; Myers, Z.A.; Magnusson, E.; Crisp, P.A.; Noshay, J.M.; Gomez-Cano, F.; Liang, Z.; Grotewold, E.; Greenham, K.; et al. Prediction of conserved and variable heat and cold stress response in maize using cis-regulatory information. Plant Cell 2022, 34, 514–534. [Google Scholar] [CrossRef] [PubMed]

	



Madani, N.; Kimball, J.S.; Ballantyne, A.P.; Affleck, D.L.R.; van Bodegom, P.M.; Reich, P.B.; Kattge, J.; Sala, A.; Nazeri, M.; Jones, M.O.; et al. Future global productivity will be affected by plant trait response to climate. Sci. Rep. 2018, 8, 2870. [Google Scholar] [CrossRef] [PubMed]

	



Eremina, M.; Rozhon, W.; Poppenberger, B. Hormonal control of cold stress responses in plants. Cell. Mol. Life Sci. 2015, 73, 797–810. [Google Scholar] [CrossRef]

	



Zhang, X.D.; Liu, T.; Zhu, S.H.; Wang, D.; Sun, S.; Xin, L. Short-term hypobaric treatment alleviates chilling injury by regulating membrane fatty acids metabolism in peach fruit. J. Food Biochem. 2022, 46, e14113. [Google Scholar] [CrossRef]

	



Song, C.B.; Wu, M.B.; Zhou, Y.; Gong, Z.H.; Yu, W.W.; Zhang, Y.; Yang, Z.F. NAC-mediated membrane lipid remodeling negatively regulates fruit cold tolerance. Hortic. Res. 2022, 9, uhac039. [Google Scholar] [CrossRef]

	



Zhang, Y.P.; Lin, D.; Yan, R.Y.; Xu, Y.H.; Xing, M.Y.; Liao, S.Y.; Wan, C.P.; Chen, C.Y.; Zhu, L.Q.; Kai, W.B.; et al. Amelioration of Chilling Injury by Fucoidan in Cold-Stored Cucumber via Membrane Lipid Metabolism Regulation. Foods 2023, 12, 301. [Google Scholar] [CrossRef]

	



Liu, X.H.; Xiao, K.; Zhang, A.D.; Zhu, W.M.; Zhang, H.; Tan, F.; Huang, Q.R.; Wu, X.X.; Zha, D.S. Metabolomic Analysis, Combined with Enzymatic and Transcriptome Assays, to Reveal the Browning Resistance Mechanism of Fresh-Cut Eggplant. Foods 2022, 11, 1174. [Google Scholar] [CrossRef] [PubMed]

	



Kong, X.M.; Ge, W.Y.; Wei, B.D.; Zhou, Q.; Zhou, X.; Zhao, Y.B.; Ji, S.J. Melatonin ameliorates chilling injury in green bell peppers during storage by regulating membrane lipid metabolism and antioxidant capacity. Postharvest Biol. Technol. 2020, 170, 111315. [Google Scholar] [CrossRef]

	



Yao, W.S.; Xu, T.T.; Farooq, S.U.; Jin, P.; Zheng, Y.H. Glycine betaine treatment alleviates chilling injury in zucchini fruit (Cucurbita pepo L.) by modulating antioxidant enzymes and membrane fatty acid metabolism. Postharvest Biol. Technol. 2018, 144, 20–28. [Google Scholar] [CrossRef]

	



Meng, D.; Li, Y.Y.; Bai, Y.; Li, M.J.; Cheng, L.L. Genome-wide identification and characterization of WRKY transcriptional factor family in apple and analysis of their responses to waterlogging and drought stress. Plant Physiol. Biochem. 2016, 106, 71–83. [Google Scholar] [CrossRef]

	



Wei, H.W.; Chen, S.Y.; Niyitanga, S.; Liu, T.; Qi, J.M.; Zhang, L.W. Genome-wide identification and expression analysis response to GA3 stresses of WRKY gene family in seed hemp (Cannabis sativa L.). Gene 2022, 822, 146290. [Google Scholar] [CrossRef]

	



Zhang, M.X.; Zhao, R.R.; Huang, K.; Huang, S.Z.; Wang, H.T.; Wei, Z.Q.; Li, Z.; Bian, M.D.; Jiang, W.Z.; Wu, T.; et al. The OsWRKY63-OsWRKY76-OSDREB1B module regulates chilling tolerance in rice. Plant J. 2022, 112, 383–398. [Google Scholar] [CrossRef] [PubMed]

	



Kim, C.Y.; Vo, K.T.X.; Nguyen, C.D.; Jeong, D.H.; Lee, S.K.; Kumar, M.; Kim, S.R.; Park, S.H.; Kim, J.K.; Jeon, J.S. Functional analysis of a cold-responsive rice WRKY gene, OsWRKY71. Plant Biotechnol. Rep. 2016, 10, 13–23. [Google Scholar] [CrossRef]

	



Zhang, L.L.; Zhao, T.T.; Sun, X.M.; Wang, Y.; Du, C.; Zhu, Z.F.; Gichuki, D.K.; Wang, Q.F.; Li, S.H.; Xin, H.P. Overexpression of VaWRKY12, a transcription factor from Vitis amurensis with increased nuclear localization under low temperature, enhances cold tolerance of plants. Plant Mol. Biol. 2019, 100, 95–110. [Google Scholar] [CrossRef]

	



Fei, J.; Wang, Y.S.; Cheng, H.; Su, Y.B.; Zhong, Y.J.; Zheng, L. The Kandelia obovata transcription factor KoWRKY40 enhances cold tolerance in transgenic Arabidopsis. BMC Plant Biol. 2022, 22, 274. [Google Scholar] [CrossRef]

	



Wang, Y.G.; Dong, B.; Wang, N.N.; Zheng, Z.F.; Yang, L.Y.; Zhong, S.W.; Fang, Q.; Xiao, Z.; Zhao, H.B. A WRKY Transcription Factor PmWRKY57 from Prunus mume Improves Cold Tolerance in Arabidopsis thaliana. Mol. Biotechnol. 2022, 65, 1359–1368. [Google Scholar] [CrossRef]

	



Liu, J.; Li, F.J.; Li, T.T.; Yun, Z.; Duan, X.W.; Jiang, Y.M. Fibroin treatment inhibits chilling injury of banana fruit via energy regulation. Sci. Hortic. 2019, 248, 8–13. [Google Scholar] [CrossRef]

	



Chen, Y.T.; Liu, L.P.; Feng, Q.Q.; Liu, C.; Bao, Y.J.; Zhang, N.; Sun, R.H.; Yin, Z.N.; Zhong, C.F.; Wang, Y.H.; et al. FvWRKY50 is an important gene that regulates both vegetative growth and reproductive growth in strawberry. Hortic Res. 2023, 10, uhad115. [Google Scholar] [CrossRef] [PubMed]

	



Song, C.B.; Yang, Y.Y.; Yang, T.W.; Ba, L.J.; Zhang, H.; Han, Y.C.; Xiao, Y.Y.; Shan, W.; Kuang, J.F.; Chen, J.Y.; et al. MaMYB4 recruits histone deacetylase MaHDA2 and modulates the expression of ω-3 fatty acid desaturase genes during cold stress response in banana fruit. Plant Cell Physiol. 2019, 60, 2410–2422. [Google Scholar] [CrossRef] [PubMed]

	



Sainsbury, F.; Thuenemann, E.C.; Lomonossoff, G.P. pEAQ: Versatile expression vectors for easy and quick transient expression of heterologous proteins in plants. Plant Biotechnol. J. 2009, 7, 682–693. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.; Sun, P.P.; Kong, W.N.; Xie, Z.Z.; Li, C.L.; Liu, J.H. SnRK2.4-mediated phosphorylation of ABF2 regulates ARGININE DECARBOXYLASE expression and putrescine accumulation under drought stress. New Phytol. 2023, 238, 216–236. [Google Scholar] [CrossRef]

	



Han, Y.C.; Fu, C.C. Cold-inducible MaC2H2s are associated with cold stress response of banana fruit via regulating MaICE1. Plant Cell Rep. 2019, 38, 673–680. [Google Scholar] [CrossRef]

	



Li, Z.W.; Zhou, Y.J.; Liang, H.Z.; Li, Q.; Jiang, Y.M.; Duan, X.W.; Jiang, G.X. MaMYB13 is involved in response to chilling stress via activating expression of VLCFAs and phenylpropanoids biosynthesis-related genes in postharvest banana fruit. Food Chem. 2023, 405, 134957. [Google Scholar] [CrossRef]

	



Zhu, X.Y.; Luo, J.; Li, Q.M.; Li, T.X.; Wang, R.; Chen, W.X.; Li, X.P. Low temperature storage reduces aroma-related volatiles production during shelf-life of banana fruit mainly by regulating key genes involved in volatile biosynthetic pathways. Postharvest Biol. Technol. 2018, 146, 68–78. [Google Scholar] [CrossRef]

	



Nukuntornprakit, O.A.; Chanjirakul, K.; van Doorn, W.G.; Siriphanich, J. Chilling injury in pineapple fruit: Fatty acid composition and antioxidant metabolism. Postharvest Biol. Technol. 2015, 99, 20–26. [Google Scholar] [CrossRef]

	



Purwanto, Y.A.; Okvitasari, H.; Mardjan, S.S.; Ahmad, U.; Makino, Y.; Oshita, S.; Kawagoe, Y. Chilling injury in green mature ‘Gedong Gincu’ mango fruits based on the changes in ion leakage. Acta Hortic. 2013, 1011, 219–226. [Google Scholar] [CrossRef]

	



Sun, H.J.; Zhou, X.; Zhou, Q.; Zhao, Y.B.; Kong, X.M.; Luo, M.L.; Ji, S.J. Disorder of membrane metabolism induced membrane instability plays important role in pericarp browning of refrigerated ‘Nanguo’ pears. Food Chem. 2020, 320, 126684. [Google Scholar] [CrossRef]

	



Huang, S.; Bi, Y.; Li, H.; Liu, C.H.; Wang, X.; Wang, X.Y.; Lei, Y.X.; Zhang, Q.; Wang, J. Reduction of Membrane Lipid Metabolism in Postharvest Hami Melon Fruits by n-Butanol to Mitigate Chilling Injury and the Cloning of Phospholipase D-β Gene. Foods 2023, 12, 1904. [Google Scholar] [CrossRef]

	



Wang, L.; Bokhary, S.U.F.; Xie, B.; Hu, S.Q.; Jin, P.; Zheng, Y.H. Biochemical and molecular effects of glycine betaine treatment on membrane fatty acid metabolism in cold stored peaches. Postharvest Biol. Technol. 2019, 154, 58–69. [Google Scholar] [CrossRef]

	



Kong, X.M.; Zhou, Q.; Zhou, X.; Wei, B.D.; Ji, S.J. Transcription factor CaNAC1 regulates low-temperature-induced phospholipid degradation in green bell pepper. J. Exp. Bot. 2020, 71, 1078–1091. [Google Scholar] [CrossRef] [PubMed]

	



Kidokoro, S.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Transcriptional regulatory network of plant cold-stress responses. Trends Plant Sci. 2022, 27, 922–935. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Liu, J.; Zhou, X.H.; Liu, S.Y.; Zhuang, Y. Identification of WRKY gene family and characterization of cold stress-responsive WRKY genes in eggplant. Plant Biol. 2020, 8, e8777. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yu, H.J.; Yang, X.Y.; Li, Q.; Ling, J.; Wang, H.; Gu, X.F.; Huang, S.W.; Jiang, W.J. CsWRKY46, a WRKY transcription factor from cucumber, confers cold resistance in transgenic-plant by regulating a set of cold-stress responsive genes in an ABA-dependent manner. Plant Physiol. Biochem. 2016, 108, 478–487. [Google Scholar] [CrossRef]

	



Liu, W.; Liang, X.Q.; Cai, W.J.; Wang, H.; Liu, X.; Cheng, L.F.; Song, P.H.; Luo, G.J.; Han, D.G. Isolation and Functional Analysis of VvWRKY28, a Vitis vinifera WRKY Transcription Factor Gene, with Functions in Tolerance to Cold and Salt Stress in Transgenic Arabidopsis thaliana. Int. J. Mol. Sci. 2022, 23, 13418. [Google Scholar] [CrossRef]

	



Sheikh, A.H.; Eschen-Lippold, L.; Pecher, P.; Hoehenwarter, W.; Sinha, A.K.; Scheel, D.; Lee, J. Regulation of WRKY46 Transcription Factor Function by Mitogen-Activated Protein Kinases in Arabidopsis thaliana. Front. Plant Sci. 2016, 7, 61. [Google Scholar] [CrossRef]

	



Li, S.; Nayar, S.; Jia, H.; Kapoor, S.; Wu, J.; Yukawa, Y. The Arabidopsis hypoxia inducible AtR8 long non-coding RNA also contributes to plant defense and root elongation coordinating with WRKY genes under low levels of salicylic acid. Non-Coding RNA 2020, 6, 8. [Google Scholar] [CrossRef]

	



Kim, H.; Kim, J.; Choi, D.S.; Kim, M.S.; Deslandes, L.; Jayaraman, J.; Sohn, K.H. Molecular basis for the interference of the Arabidopsis WRKY54-mediated immune response by two sequence-unrelated bacterial effectors. Plant J. 2024; online ahead of print. [Google Scholar] [CrossRef]

	



Zhu, W.J.; Li, H.; Dong, P.F.; Ni, X.T.; Fan, M.L.; Yang, Y.J.; Xu, S.Y.; Xu, Y.B.; Qian, Y.W.; Chen, Z.; et al. Low temperature-induced regulatory network rewiring via WRKY regulators during banana peel browning. Plant Physiol. 2023, 193, 855–873. [Google Scholar] [CrossRef]

	



Luo, D.L.; Ba, L.J.; Shan, W.; Kuang, J.F.; Lu, W.J.; Chen, J.Y. Involvement of WRKY Transcription Factors in Abscisic-Acid-Induced Cold Tolerance of Banana Fruit. J. Agric. Food Chem. 2017, 65, 3627–3635. [Google Scholar] [CrossRef]

	



Niu, C.F.; Wei, W.; Zhou, Q.Y.; Tian, A.G.; Hao, Y.J.; Zhang, W.K.; Ma, B.; Lin, Q.; Zhang, Z.B.; Zhang, J.S.; et al. Wheat WRKY genes TaWRKY2 and TaWRKY19 regulate abiotic stress tolerance in transgenic Arabidopsis plants. Plant Cell Environ. 2012, 35, 1156–1170. [Google Scholar] [CrossRef]

	



Xu, P.Y.; Xu, L.; Xu, H.F.; He, X.W.; He, P.; Chang, Y.S.; Wang, S.; Zheng, W.Y.; Wang, C.Z.; Chen, X.; et al. MdWRKY40 is directly promotes anthocyanin accumulation and blocks MdMYB15L, the repressor of MdCBF2, which improves cold tolerance in apple. J. Integr. Agric. 2023, 22, 1704–1719. [Google Scholar] [CrossRef]








[image: Foods 13 00854 g001] 





Figure 1. Cold storage induces chilling injury (CI) occurrence in banana fruit. (a) Changes in fruit appearance. (b) CI index and (c) cell membrane permeability in control and cold-stored bananas during storage. Each datum represents the mean ± standard error of three replicates, and the asterisks indicate significant differences by Student’s t-test (** p-value < 0.01). 
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Figure 2. Sequence analysis of MaWRKY70. (a) Phylogenic tree of AtWRKYs and MaWRKY70. MaWRKY70, along with AtWRKY46, AtWRKY63, AtWRKY55, and AtWRKY70, was classified into Group III. (b) Multiple alignment of MaWRKY70 with AtWRKY46, AtWRKY54, AtWRKY55, and AtWRKY70. WRKY domain and C2HC zinc-finger motif are marked. 
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Figure 3. Molecular characterization of MaWRKY70. (a) Relative expression levels of MaWRKY70 in control and cold-stored banana fruit during storage, the asterisks indicate significant differences by Student’s t-test (** p-value < 0.01). (b) Nuclear localization of MaWRKY70 in tobacco leaves. GFP and mCherry signals were captured by a fluorescence microscope. Bars, 50 μm. (c) Transcriptional activation of MaWRKY70 in yeast cells. pGBKT7 and pGBKT7-53 + pGADT7-T were used as negative and positive control, respectively. (d) Transcriptional activation capacity of MaWRKY70 in tobacco cells. The ratio of LUC to REN indicates the transactivation ability of MaWRKY70. The ratio of LUC to REN of the BD-62SK vector was used as a calibrator (value set as 1). Each datum represents the mean ± standard error of three replicates, and the different letters indicate significant differences by Student’s t-test (p-value < 0.01). 
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Figure 4. Relative expression levels of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 in control and cold-stored banana fruit during storage. Each datum represents the mean ± standard error of three replicates, and the asterisks indicate significant differences by Student’s t-test (** p-value < 0.01). 
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Figure 5. Electrophoretic mobility shift assay (EMSA) of MaWRKY70 binding to the promoters of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4 containing W-box element. (a) Affinity purification of recombinant GST-MaWRKY70 protein as presented by SDS-PAGE gel stained with Coomassie brilliant blue. (b) EMSA assays. GST protein was used as negative control. GST-MaWRKY70 fusion protein binds to promoters of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4. Unlabeled probes (cold probe) with 50-fold (50×) and 500-fold (500×) were used for competition. Shifted bands suggest the formation of DNA–protein complexes. Symbols − and + represent absence or presence, respectively, and ++ indicates increasing amounts. 
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Figure 6. Dual luciferase reporter assay. (a) Diagrams of the reporter and effector vectors. (b) MaWRKY70 activated transcription of MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4. The ratio of LUC/REN of the empty vector (62-SK) plus promoter was used as a calibrator (set as 1). Each datum represents the mean ± standard error of three replicates, and the asterisks indicate significant differences by Student’s t-test (** p-value < 0.01). 
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Figure 7. Working model illustrating the regulation of CI development by MaWRKY70. MaWRKY70, which was induced by cold, directly promoted the expression of LOXs (MaLOX1, MaLOX3.1, MaLOX3.2, and MaLOX4) to accelerate membrane lipid degradation, ultimately leading to CI development. 
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