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Grape cracking is a common phenomenon that can reach more than 50% in some varieties and can cause enormous economic losses. “Li Xiu” grapes in different developmental stages were treated with calcium chloride (5 g/L), and the cracking rate and related biochemical and genetic indices were measured in the fruit ripening stage. The results showed that calcium treatment during the flowering period could significantly reduce grape cracking. Based on the experimental results, there are several reasons as follows: first, calcium spraying during the flowering period was more favorable to calcium absorption in grapes, and the increased calcium content in the peels helped to improve the mechanical properties of the peels, thus increasing crack resistance; second, calcium treatment reduced the expression levels of genes related to glucose metabolism, which in turn reduced PG and cellulase activities, delaying the degradation of pectin and cellulose and resulting in more structural integrity of the peels; third, calcium treatment increased fruit hardness and reduced fruit ventral pressure by decreasing the expression levels of ABA-related genes and synthesis of endogenous abscisic acid (ABA), soluble sugars (SSs), and total soluble solids (TSSs).
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INTRODUCTION

Grapes are one of the most popular fruit crops in the world. They are a rich source of nutrients (minerals, active polysaccharides, anthocyanins, resveratrol, vitamins, etc.). However, some grape varieties are prone to cracking, which leads to fruit decay. Grape cracking is currently a serious problem in vineyards around the world (Yamamura and Naito, 1985; Inchang et al., 2007; Zofoli et al., 2008). Fruit cracking can lead to poor appearance, reduced quality and shelf life, susceptibility to fungal infections, and, ultimately, unmarketable fruits. Some grape varieties that are prone to cracking can have cracking rates of more than 90% at maturity, which causes significant commercial losses for grape growers. The “Li Xiu” grape is an American variety with large and thick leaves, disease resistance, early maturity, consistent yield, no kernels, high quality, high sugar content, and intense aroma. However, it is very prone to fruit cracking in southern China (because of hot and rainy climate).

There are many causes of fruit cracking. According to relevant studies, management practices, environment, genetic factors, physiology, and biochemistry are all associated with fruit cracking (Sofia et al., 2018; Kaur et al., 2019). The composition and structure of the pericarp cell wall will affect the mechanical properties of the pericarp, which is an important factor in determining whether the grape is prone to cracking (Yang et al., 2016; Brüggenwirth and Knoche, 2017; Jiang et al., 2019). The pericarp cell wall contains mainly minerals, cellulose, hemicellulose, starch, and pectin. The content of these substances in the pericarp is directly related to fruit cracking. Furthermore, the activity of cellulase and pectinase in the fruit is closely related to fruit cracking. After fruit ripening, cellulase and pectinase activities increase, leading to degradation of polysaccharides in the cell wall, which reduces the mechanical properties of the pericarp and makes it more prone to cracking (Cantu et al., 2008).

Many studies have shown that soluble sugar content and soluble solid content also have a relationship with fruit cracking. For example, Yu et al. (2020) confirmed that nordihydroguaiaretic acid treatment of grapes reduced ABA, SS, and TSS content in grapes. Furthermore, Chen et al. (2019) demonstrated that ethylene accelerated the degradation of starch, inhibited the synthesis of protopectin, and increased the level of soluble pectin, which is consistent with the phenotype of ethylene-induced fruit cracking. More importantly, the increased sugar content in the fruit reduced water potential, thereby increasing the water uptake and movement of the pericarp and increased fruit cracking.

Hormones also affect the cracking of fruits to a large extent (Lu et al., 2017). For example, Jáuregui-Riquelme et al. (2017) demonstrated that the application of CPPU in the pre-anthesis stage altered grape development and improved berry size and berry potential tolerance to post-harvest cracking and spoilage. Josan et al. (1995) confirmed that the lemon had the lowest fruit-cracking rate with 40 ppm NAA, followed by 20 ppm NAA and 10 ppm GA3. Moreover, Wang et al. (2019) demonstrated that the litchi fruit cracking-susceptible cultivar “Baitangying” pericarp had higher abscisic acid contents, increased biosynthesis of ethylene and jasmonic acid, and reduced biosynthesis of auxin and brassinosteroid.

The mineral nutritional status of fruits is closely related to fruit cracking. Tonetto de Freitas and Cai-Zhong JiangMitcham (2012) confirmed that blossom-end rot was recognized to be caused by calcium (Ca) deficiency. Brown et al. (1995) confirmed that copper hydroxide alone, at low concentrations or in combination with calcium hydroxide, significantly reduced fruit cracking. Correia et al. (2020) confirmed that calcium (Ca) and gibberellic acid (GA) sprays were demonstrated to be the best compounds for increasing yield and reducing cherry cracking as well as improving photosynthetic performance and leaf metabolite content. Ca is an essential element for plants and plays many important roles in healthy growth of plants. Ca is involved in the structure of cell walls and cell membranes, and it has a certain effect on cell development and signal transduction (White and Broadley, 2003; Hashimoto and Kudla, 2011; Ranty et al., 2016).

Although the role of calcium in preventing fruit cracking has been studied, when the appropriate time for calcium treatment is and its underlying mechanisms have not been fully clarified (Simon, 2006). This study has four objectives: (1) to obtain the optimal treatment period by applying calcium treatments to grapes in different growth stages to provide new ideas for the prevention of fruit cracking, (2) to examine how calcium treatment reduces the cracking rate of grapes (“Li Xiu”) in terms of the apparent structure of the grape skin, (3) to elucidate the mechanisms underlying the physiological and molecular bases of calcium treatment in preventing fruit cracking, and (4) to reduce post-harvest cracking rates, improve fruit storability, and promote their economic value.



MATERIALS AND METHODS


Plant Materials and Treatments

Seven-year-old “Li Xiu” grapes were used as experimental materials, cultivated under a rain shelter and in the teaching base of Hunan Applied University in Changde, Hunan, China (28°99′N, 111°67′E). Sprays were carried out with 5 g/L CaCl2 in the inflorescence (April 14th, as treatment I), flowering (May 7th, as treatment II), fruit development (May 28th, as treatment III), and end of fruit development (June 20th, as treatment IV) periods of fruit growth, with six grapevines per treatment. No calcium spraying was conducted on the control samples. When the fruits of each treatment group (I, II, III, IV, and control) were ripe (with purple-red skin), grape berries were collected randomly from each treatment sample. The grape berries were flash-frozen in liquid nitrogen and then stored at −80°C.



Determination of Grape Fresh Weight, Berry Volume, and Cracking Rate
 
Experimental Samples From I, II, III, IV, and Control

Fresh fruit weight and berry volume were determined from 20 randomly selected fruits of each treatment, and the mean value was calculated. Fruit cracking rate was calculated according to the following formula: fruit-cracking rate (%) = number of cracked berries/total number of berries × 100. Fruit breaking force was determined with an ST-Z16 texture analyzer (Shengtai, Shandong, China). Fruit cracking index was calculated according to the following formula: fruit cracking
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N0: normal fruit, N1: fruit cracks are not more than 1 cm, N2: fruit cracks are 1 to 2 cm, N3: fruit cracks more than 2 cm, Nt: total number of statistics.




Determination of Grape-Related Physiological Indicators
 
Experimental Samples From I, II, III, IV, and Control

The (ABA) ELISA kit was used to determine the amount of endogenous ABA in grape fruit (Yingxin, Shanghai, China) described by Chen et al. (2006) and Sun et al. (2016), nanograms of ABA per grams of grape (ng. g−1 FW). The soluble sugar (SS) content in grapes was determined by the sulfuric acid-phenol method, grams of SS per hundred grams of grape (%). Determination of total soluble solids (TSSs) was conducted with a WYA-2S digital automatic Abbe refractometer (Inesa, Shanghai, China). The total anthocyanin content of grape skins was measured with a UV-1800 ultraviolet (Shimadzu, Kyoto, Japan) as described by Yu et al. (2020), milligrams of SS per grams of grape peel (mg kg−1 FW).




Cellulose, Pectin Content, and Related Enzyme Activities
 
Experimental Samples From I, II, III, IV, and Control

Take 2 grams of grape peel in a mortar and grind it with liquid nitrogen, then add 10 ml of pre-cooled buffer, shake on ice for 3 min, frozen, and centrifuge (4°C), and the supernatant was the enzyme solution. The pectinase and cellulase activities of berry peels were measured with the DNS (3,5-dinitrosalicylic acid) colorimetric method. CMC-Na and polygalacturonic acid were used as substrates for determination of pectinase and cellulase, respectively, as described by Lohani et al. (2004).

Take 1 gram of grape peel in a mortar and grind it with liquid nitrogen, then add 10 ml of 95% ethanol and boil it with water for 30 min. After centrifugation, 10 ml of absolute ethanol, chloroform-methanol (1:1, V/V), and acetone were added in sequence to remove impurities. After centrifugation, we added 10 ml of deionized water to the residue, which was shaken in a shaker for 12 h, and the supernatant was water-soluble pectin (WSP). After centrifugation, we added 10 ml of 66% sulfuric acid to the residue, which was shaken in a shaker for 1 h, and the supernatant was cellulose. Cellulose content was determined with the anthrone-sulfuric acid method. The content of water-soluble pectin was determined with the m-hydroxybiphenyl method (Deng et al., 2005).




RNA Extraction and q-PCR Assay
 
Experimental Samples From I, II, III, IV, and Control

The total RNA of grape peels was extracted with a Trizol kit (Yuanye, Shanghai, China). RNA was reverse-transcribed into cDNA. The sequences are listed in Table 1. qRT-PCR primers were synthesized in a Sangon Bioengineering Co., Ltd. (Shanghai, China) RT-PCR reaction system: 1 μl template, 10 μl SYBR Green qPCR SuperMix, 1 μl upstream primer (10 nM), 1 μl downstream primer (10 nM), supplemented with double distilled water to 20 μl. Reaction conditions were as follows: pre-denaturation at 95°C for 5 min, denaturation at 95°C for 10 s, annealing at 60°C for 30 s, and fluorescence detection for 15 s, 40 cycles. A relative quantitative 2ΔΔCt analysis (CT value comparison method) was performed using β-actin as an internal reference to calculate the relative expression of each gene in the samples (Sun et al., 2010).


Table 1. Details of the qRT-PCR primers.
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Scanning Electron Microscopy (SEM) and Transmission Electron Microscope (TEM) of Grape Peels

Grape peel samples were taken from the equator uniformly, the size was about 3 × 3 × 1 mm3. After grape skin treatment, the cross-section of grape peels was observed with a scanning electron microscope (SU8100, HITACHI, Japan) and a transmission electron microscope (HT7700, HITACHI, Japan), the content of mineral elements in the grape peels was analyzed with an X-ray energy spectrometer (AZtecLive Ultim Max 100: Oxford Instruments, England), and Image-Pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, United States) was used to determine cell wall thickness.



Post-Harvest Grape Cracking Assay

Experimental samples were taken from the fruits of groups I, II, III, IV, and control at maturity. Fruits of uniform size and color and free from mechanical damage and diseases were taken. Fruit storage conditions were relative humidity: 95 ± 2% and temperature: 4 ± 0.5°C. Fruit cracking rate was measured every 12 days for each group, for a total of 5 times. All experiments were performed in triplicate.



Statistical Analysis

All data were expressed as mean ± SD by measuring three independent replicates, and the measurements were performed using SPSS version 22.0 (SPSS Inc., IBM, Armonk, NY, United States) and Origin 9.0 (Origin Lab Corporation, United States). Significance was evaluated by one way analysis of variance (ANOVA). Tukey's multiple range test was performed following a significant test. Different Lowercase letters indicate highly significant differences between different concentrations (P < 0.05).




RESULTS


Texture Characteristics and TSS Content

The fruit-cracking rate and cracking index of samples treated with CaCl2 were lower than those of the control samples (Table 2). Specifically, the fruit-cracking rate and cracking index were represented about four and 10 times lower (P ≤ 0.05) in the II sample than in the control group. Then, we found that CaCl2-treatment increased the fruit breaking force of the grapes (Table 2), the II sample was increased by 16.55% compared with the control group, while TSS content was decreased in the treatment group. Specifically, the II sample was decreased by 8.94% compared with the control group (Table 2). In addition, fresh fruit weight and berry volume were increased after calcium treatment (Table 2).


Table 2. Effects of the CaCl2 application on cracking, texture characteristics, and total soluble solids (TSS) content.
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ABA Content and Related Gene Expression Levels

When the grapes were treated with CaCl2, ABA synthesis was significantly (P ≤ 0.05) inhibited (Figure 1A). Specifically, the II sample was decreased by 61.26% compared with the control group. Additionally, VvNCED1 (Figure 1B) and VvBG1 (Figure 1D) are key genes for ABA synthesis, and their expression levels (P ≤ 0.05) were significantly down-regulated when CaCl2was applied. Specifically, the II sample was decreased by 59 and 60% compared with the control group. Moreover, the expression level of VvCYP707A1 related to ABA degradation was significantly (P < 0.05) decreased after CaCl2 treatment (Figure 1C), and the II sample was decreased by 71% compared with the control group.


[image: Figure 1]
FIGURE 1. (A) ABA content, and expression of (B) VvNCED1, (C) VvCYP707A1, and (D) VvBG1. Data are presented as mean ± standard. Lowercase letters represent significant differences (P < 0.05).



Cellulose, Pectin Content and Related Enzyme Activities

The content of pectin, cellulose, and related enzyme activities in the cell wall of the pericarp is related to fruit cracking (Yu et al., 2019, 2020). In this study, pectin and cellulose were separated and quantified, and related enzyme activities were measured. In CaCl2-treated samples, the cellulose content was increased, whereas the WPS content, PG activity, and cellulase activity were decreased (Figure 2). Specifically, the WPS content in the II sample was decreased by 19.84% (Figure 2A), and the cellulose content in the II sample was increased by 7.7% (Figure 2B). Furthermore, the PG activity and cellulase activity in the II sample were decreased by 9, and 21.55%, respectively (Figures 2C,D). Thus, CaCl2 can decrease the PG activity and cellulase activity relative to the control level and then delay pectin and cellulose degradation.


[image: Figure 2]
FIGURE 2. (A) Water-soluble pectin content, (B) cellulose content, (C) PG activity, and (D) cellulase activity contents of the grape berry peel. Data are presented as mean ± standard. Lowercase letters represent significant differences (P < 0.05).





Soluble Sugar Content and Related Gene Expression Levels

The ABA content in fruits is related to fruit cracking (Lin et al., 2018). Metabolism of ABA would favor the accumulation of soluble sugars and TSSs in grapes. In this study, when grapes were ripe, we measured their soluble sugar content, and the content of soluble sugars was decreased in the calcium-treated group (Figure 3A). Specifically, the II sample was decreased by 5.8% compared with the control group. Furthermore, VvSUS (Figure 3B), VvHT3 (Figure 3C), and VvGIN1 (Figure 3D)] are crucial genes involved in sugar synthesis, and their expression levels were decreased. Specifically, the II sample was decreased by 67, 54, and 86%, respectively, compared with the control group (Figure 3).


[image: Figure 3]
FIGURE 3. (A) Soluble sugar content and expression of (B) VvSuS, (C) VvHT3, and (D) VvGIN1. Data are presented as mean ± standard. Lowercase letters represent significant differences (P < 0.05).




Total Anthocyanin Content and Related Gene Expression Levels

The anthocyanin content in grapes is related to ABA metabolism and fruit cracking (Darzi and Ahsan, 2010). In this study, when the grape berries were treated with calcium chloride, there was a significant increase in anthocyanin content in the grapes at maturity (Figure 4A). Specifically, the II sample was increased by 1.58 times compared with the control group. Furthermore, VvUFGT, VvmybA1, and VvDFR are key genes involved in anthocyanin synthesis, and their expression levels were significantly (P ≤ 0.05) higher in the CaCl2-treated samples than in the control group (Figures 4B–D). Specifically, the II sample was increased by 5.34, 14.3, and 4.25 times, respectively, compared with the control group (Figure 4).


[image: Figure 4]
FIGURE 4. (A) Anthocyanin content and expression of (B) VvUFGT, (C) VvmybA1, and (D) VvDFR. Data are presented as mean ± standard. Lowercase letters represent significant differences (P < 0.05).




Effects of TheCaCl2 Application on the Microstructure of Grape Peels
 
Scanning Electron Microscopy Results

The effects of calcium on the structure of grape peels are shown in Figure 5. Due to the poor effectiveness of (I), we did not conduct further studies on (I). The pericarp in the calcium treatment was smooth and flat. However, the pericarp of the control group was rough and wrinkled (Figure 5). Moreover, the calcium content of the berry skin in the calcium treatment was significantly higher compared with that of the control (Table 3). Specifically, the calcium content was represented about two times higher (P ≤ 0.05) in the II sample than in the control group. This study has shown that low Ca content in the pericarp is related to fruit cracking, and that spraying calcium can reduce fruit cracking by increasing Ca content in the pericarp (Table 3).


[image: Figure 5]
FIGURE 5. SEM of grape peels with calcium treatment in different stages (II represents ripening grape skins treated with calcium spray at flowering, III represents ripe grape skins treated with calcium spray during fruit development, and IV represents ripe grape skins treated with calcium spray at the end of fruit development) (grape peel, arrows).



Table 3. Content of mineral elements in pericarp treated with calcium in different periods.
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Transmission Electron Microscopy Results

The effects of calcium on grape peel cells are shown in Figure 6. Due to the poor effectiveness of (I), we did not conduct further studies on (I). The cell wall of the calcium treatment group was thicker (P ≤ 0.05) than that of the control group (Figure 6). Specifically, the II sample was increased by 61.35% compared with the control group (Figure 7), whereas the opposite pattern was observed for cell volume. The cell volume of the control group was significantly greater than that of the calcium treatment group. This study has shown that low Ca content in the pericarp is related to cell wall thickness, and that spraying calcium can increase cell wall thickness by increasing Ca content in the pericarp (Figure 7).


[image: Figure 6]
FIGURE 6. TEM of grape peels with calcium treatment in different stages (II represents ripening grape skins treated with calcium spray at flowering, III represents ripe grape skins treated with calcium spray during fruit development, and IV represents ripe grape skins treated with calcium spray at the end of fruit development) (cell wall, arrows; cell volume, double arrow).



[image: Figure 7]
FIGURE 7. Pericarp cell wall thickness with calcium treatment in different stages. Data are presented as mean ± standard. Lowercase letters represent significant differences (P < 0.05).





Effects of Pre-Harvest Calcium Treatment on Grape Cracking in Different Storage Stages

The effects of different calcium treatments on fruit cracking in different storage stages are shown in Figure 8. The fruit cracking rate of control fruits was relatively low at the beginning of the storage period, increased rapidly, and was then maintained at relatively high levels. However, the fruits in the calcium treatment group maintained a lower rate of fruit cracking. Furthermore, when the fruits were stored for 48 days, the fruit cracking rate of the control fruits was 31.3, 200.2, 74.9, and 46.9% higher than that of the fruits of stages I, II, III, and IV, respectively. Meanwhile, the difference among the a II and I, III, and IV fruits was significant between 0 and 48 d of cold storage (P < 0.05).


[image: Figure 8]
FIGURE 8. Effects of pre-harvest calcium treatment on post-harvest cracking of grapes. Data are presented as mean ± standard. Lowercase letters represent significant differences (P < 0.05).





DISCUSSION

Fruit cracking seriously affects the quality, post-harvest shelf life, and economic value of grapes. Therefore, it is very important to study the anti-cracking in grapes fruits. In this experiment, different periods of calcium treatment were used to explore the mechanism by which calcium prevents fruit cracking. Yu et al. (2020) found that exogenous calcium sprays had an anti-cracking effect on grapes when grapes were treated with calcium sprays 40 days after flowering. In our study, the calcium content of berry skins in the calcium treatment (Specially, calcium spray treatment during flowering) was significantly higher compared with that of the control. It may be because of the stronger calcium uptake during the flowering period compared to other periods in grapes (Davarpanah et al., 2018).

The fruit cracking rate and cracking index were represented about four and 10 times lower (P ≤ 0.05) in the flowering period sample (the best) than in the control group, respectively. It may be because the grapes absorb a lot of exogenous calcium, which leads to lower rate of cracking, while calcium spraying during the flowering stage has the best effect on calcium absorption (Yu et al., 2020). Meanwhile, the experimental results are similar to those of Deniz, Huang, and Bakeer. For example, Deniz (2014) found that calcium applications reduced the cracking index by 38–66% compared to cherries that did not receive foliar treatment, increasing the firmness of cherries by an average of 12%. In litchi, Huang et al. (2001) reported that contents of Ca in the cell wall as pectin-bound Ca in various parts of the pericarp were higher in cracking-resistant “Huaizhi” than in cracking-susceptible “Nuomici.” Bakeer (2016) confirmed that calcium chloride (1–2%) enhanced pomegranate vegetative growth parameters, yield, and fruit quality traits, and reduced fruit cracking, thereby improving the protection of the fruits from direct sunlight and the role of Ca in controlling physiological disorders of fruits.

ABA plays an important role in the grape ripening process. Previous studies have shown that ABA content in peels is related to fruit cracking (Koyama et al., 2010). In our study, the grape ABA content and related genes in samples treated with CaCl2 were significantly lower than those in the control samples (Figure 1). It is possible that calcium treatment of grapes reduced the expression of relevant transcription factors and key genes in the ABA metabolic pathway, thereby reducing ABA content, and the reduction in ABA content contributed to delayed fruit ripening (Yu et al., 2019). Meanwhile, the experimental results are similar to those of Yu et al. (2019). The rate of fruit cracking was reduced by reducing the content of endogenous ABA and the expression of related genes. In addition, Ca is closely related to anthocyanin synthesis. Anthocyanins have the ability to scavenge oxygen free radicals, and increase in anthocyanin content may be beneficial in delaying the aging of fruits (Blaga and Aleksandra, 2010). Ca may have reduced the amount of oxygen free radicals by reducing the amount of ABA in grapes, thus increasing the amount of anthocyanins (Martins et al., 2021b). In this study, the grape anthocyanin content and related genes were significantly higher in the samples treated with CaCl2 than in the control samples (Figure 4). The experimental results are similar to those of Peng et al. (2016), indicating that pre-harvest spray of CaCl2 enhanced anthocyanin accumulation in the strawberry fruit by stimulating the expression of anthocyanin structural genes including fruit-specific FvUGT1. Darzi and Ahsan (2010) found that the combination of 1.5 g/L calcium chloride and 0.5 g/L boric acid in the full bloom period can significantly reduce cherry fruit cracking and then significantly increase the anthocyanin content of the fruit.

Previous studies have shown that the composition of the cell wall in the peel influences the structure of the peel (Huang et al., 1999; Yang et al., 2016). Calcium may have reduced cell wall-related enzyme activity and expression of related genes by decreasing ABA content in grapes, thereby reducing water-soluble sugar content (Yu et al., 2019; Zhu et al., 2020). In this study, calcium is closely related to cell wall components, cell wall-related enzyme activity, and related genes (Figures 2, 3). The experimental results are similar to those of Michailidis and Yu. For example, Michailidis et al. (2017) reported that pre- and post-harvest Ca2+ applications increased total Ca2+ and cell wall-bound Ca2+ in apples, respectively, and that several color- and antioxidant-related genes were induced and reduced cracking. Yu et al. (2019) reported that calcium treatment reduced cell wall metabolism-related enzymatic activities and reduced WSP content, and reduced grape cracking. Moreover, the high content of SSs and TSSs in the fruit increases the osmotic pressure of the grape and increases the chance of fruit cracking (Considine and Kriedemann, 1972). In addition, in this study, pre-harvest calcium treatment has a good effect on post-harvest grape cracking (Figure 8). In previous studies, fruit storage was dominated by post-harvest calcium treatment. For example, Silva et al. (2012) found that “Isabel” grapes treated post-harvest with calcium chloride (doses5 and 2%) had decreased decay incidence, cracking, and mass loss. Stephane et al. (1994) showed that post-harvest spray of CaCl2 (doses 2 and 4%) increased calcium content and decreased fruit cracking in apples. However, pre-harvest calcium treatment usually has a better effect on preventing fruit cracking. Calcium uptake during fruit development is better than post-harvest calcium treatment. Ca sprays during berry development reduce the incidence of microcracks on fruit surface and lodging of filamentous fungi in these structures, reducing fruit decay at post-harvest (Martins et al., 2020, 2021a).



CONCLUSIONS

The results of this study showed that calcium application decreased the cracking rate of grapes. Specifically, the best effect was obtained by spraying calcium in the flowering period. The decrease in fruit-cracking rate was attributed to the increased calcium content in the peels, which enhanced the peel stability and increased the anti-cracking fruit of grapes. Furthermore, the expression levels of glucose metabolism and ABA-related genes were reduced, which in turn decreased the PG, cellulase activities, and ABA content and delayed the degradation of pectin and cellulose. Moreover, the WSP, SS, and TSS contents were decreased, which increased fruit firmness and cell wall thickness, lowering peel turgor pressure and ultimately decreasing the susceptibility of fruits to cracking. In addition, calcium treatment reduced the post-harvest cracking rate of grapes.



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 author/s.



AUTHOR CONTRIBUTIONS

HS and XZ: conceptualization. HS: methodology, data curation, and writing—original draft preparation. XH: formal analysis. XZ: writing—review and editing. WW and WZ: project administration. All authors have read and agreed to the published version of the manuscript.



FUNDING

This study was supported by the National Undergraduate Innovation and Entrepreneurship Project (S202113809005), Ph.D. Introduction of Scientific Research Projects (2021HYBS03), and Natural Science Foundation of Hunan Province (Research on postharvest quality deterioration and regulation mechanism of Sunshine Rose grapes).



ACKNOWLEDGMENTS

We would like to thank all colleagues who have done studies on fruit tree growth and metabolism, epigenetics, post-harvest preservation of the fruit and related fields. We also like to thank the reviewers for the helpful comments.



REFERENCES

 Bakeer, S. M. (2016). Effect of ammonium nitrate fertilizer and calcium chloride foliar spray on fruit cracking and sunburn of Manfalouty pomegranate trees. Sci. Hortic. 209, 300–308 doi: 10.1016/j.scienta.2016.06.043


 Blaga, R., and Aleksandra, R. (2010). Free radical scavenging activity and anthocyanin profile of cabernet sauvignon wines from the Balkan Region. Molecules 15, 4213–4226. doi: 10.3390/molecules15064213

 Brown, G., Wilson, S., Boucher, W., Graham, B., and McGlasson, B. (1995). Effects of copper-calcium sprays on fruit cracking in sweet cherry (Prunus avium). Sci. Hortic. 62, 75–80 doi: 10.1016/0304-4238(94)00746-3


 Brüggenwirth, M., and Knoche, M. (2017). Cell wall swelling, fracture mode, and the mechanical properties of cherry fruit skins are closely related. Planta 245, 765–777. doi: 10.1007/s00425-016-2639-7

 Cantu, D., Vicente, A., Greve, L., Dewey, F., Bennett, A., Labavitch, J., et al. (2008). The intersection between cell wall disassembly, ripening, and fruit susceptibility to Botrytis cinerea. Proc. Natl. Acad. Sci. U. S. A. 105, 859–864. doi: 10.1073/pnas.0709813105

 Chen, J. J., Duan, Y. J., Hu, Y. L., Li, W. M., Sun, D. Q., Hu, H. G., et al. (2019). Transcriptome analysis of atemoya pericarp elucidates the role of polysaccharide metabolism in fruit ripening and cracking after harvest. BMC Plant Biol. 19, 219. doi: 10.1186/s12870-019-1756-4

 Chen, Y., Ji, F., Xie, H., Liang, J. S., and Zhang, J. H. (2006). The regulator of G-protein signaling proteins involved in sugar and abscisic acid signaling in Arabidopsis seed germination. Physiol. Plant. 140, 302–310. doi: 10.1104/pp.105.069872

 Considine, J. A., and Kriedemann, P. E. (1972). Fruit splitting in grapes: determination of the critical turgor pressure. Aust. J. Agric. Res. 23, 17–24. doi: 10.1071/AR9720017


 Correia, S., Queiros, F., Ferreira, H., Morais, M. C., Afonso, S., Silva, A. P., et al. (2020). Foliar application of calcium and growth regulators modulate sweet cherry (Prunus avium L.) tree performance. Plants 9, 1–15. doi: 10.3390/plants9040410

 Darzi, M. S., and Ahsan, H. (2010). Studies on foliar application of boron and calcium on yield, quality and shelf life of sweet cherry cv. Bigarreau Noir Grossa (Misri). 1–10.


 Davarpanah, S., Tehranifar, A., and Abadía, J. (2018). Foliar calcium fertilization reduces fruit cracking in pomegranate (Punica granatum cv. Ardestani). Sci Hortic. 230, 86–91. doi: 10.1016/j.scienta.2017.11.023


 Deng, Y., Wu, Y., and Li, Y. (2005). Changes in firmness, cell wall composition and cell wall hydrolases of grapes stored in high oxygen atmospheres. Food Res. Int. 38, 769–776. doi: 10.1016/j.foodres.2005.03.003


 Deniz, E. (2014). Effect of preharvest calcium treatments on sweet cherry fruit quality. Notulae Bot. Horti Agrobotanici Cluj Napoca 42, 150–153. doi: 10.15835/nbha4219369

 Hashimoto, K., and Kudla, J. (2011). Calcium decoding mechanisms in plants. Biochimie 93, 2054–2059. doi: 10.1016/j.biochi.2011.05.019

 Huang, X., Wang, H., Gao, F., and Huang, H. (1999). A comparative study of the pericarp oflitchi cultivars susceptible and resistant to fruit cracking. J. Hortic. Sci. Biotec. 3, 351–354. doi: 10.1080/14620316.1999.11511120


 Huang, X. M., Li, J. G., Wang, H. C., Huang, H. B., and Gao, F. F. (2001). The relationship between fruit cracking and calcium in litchi pericarp. Acta Hortic. 558, 209–215. doi: 10.17660/ActaHortic.2001.558.29


 Inchang, S., Seonkyu, K., Haghyun, K., and Gilhah, K. (2007). Physiological and histological characteristics of berry cracking in grapes (Vitis spp.). Hortic Environ Biote. 48, 678–685.


 Jáuregui-Riquelme, F., Kremer-Morales, M. S., Alcalde, J. A., and Perez-Donoso, A. G. (2017). Pre-anthesis CPPU treatment modifies quality and susceptibility to post-harvest berry cracking of Vitis vinifera cv. 'Thompson Seedless. J. Plant Growth Regul. 36, 413–423. doi: 10.1007/s00344-016-9649-3


 Jeong, S. T., Gotoyamamoto, N., Kobayashi, S., and aand Esaka, M. (2004). Effects of plant hormones and shading on the accumulation of anthocyanins and the expression of anthocyanin biosynthetic genes in grape berry skins. Plant Sci. 167, 247–252. doi: 10.1016/j.plantsci.2004.03.021

 Jiang, F. L., Lopez, A., Jeon, S., de Freitas, S. T., Yu, Q. H., Wu, Z., et al. (2019). Disassembly of the fruit cell wall by the ripening-associated polygalacturonase and expansin infuences tomato cracking. Hortic Re. 6, 1–15. doi: 10.1038/s41438-018-0105-3

 Josan, J. S., Sandhu, A. S., and Singh, R. (1995). Effect of plant growth regulators and nutrients on fruit cracking in lemon. Indian J. Hortic. 52, 121–124.


 Kaur, R., Kaur, N., and Singh, H. (2019). Pericarp and pedicel anatomy in relation to fruit cracking in lemon (citrus limon L burm.). Sci. Hortic. 246, 462–468. doi: 10.1016/j.scienta.2018.11.040


 Koyama, K., Sadamatsu, K., and Goto-Yamamoto, N. (2010). Abscisic acid stimulated ripening and gene expression in berry skins of the Cabernet Sauvignon grape. Funct. Integr. Genom. 10, 367–381. doi: 10.1007/s10142-009-0145-8

 Lecourieux, F., Lecourieux, D., Vignault, C., and Delrot, S. (2010). A sugar-inducible protein kinase, vvsk1, regulates hexose transport and sugar accumulation in grapevine cells. Plant Physiol. 152, 1096–1106. doi: 10.1104/pp.109.149138

 Lin, H., Wang, S. S., Saito, T., Ohkawa Ohara, H., Kongsuwan, A., et al. (2018). Effects of IPT or NDGA application on ABA metabolism and maturation in grape berries. J. Plant Growth Regul. 74, 1210–1221. doi: 10.1007/s00344-018-9820-0


 Lohani, S., Trivedi, P. K., and Nath, P. (2004). Changes in activities of cell wall hydrolasesduring ethylene-induced ripening in banana: effect of 1-MCP, ABA and IAA. Postharvest Biol. Technol. 31, 119–126. doi: 10.1016/j.postharvbio.2003.08.001


 Lu, L., Liang, J. J., Chang, X., Yang, H. T., Li, T. Z., and Hu, J. F. (2017). Enhanced vacuolar invertase activity and capability for carbohydrate import in GA-treated inflorescence correlate with increased fruit set in grapevine. Tree Genet. Genomes. 13, 1–12. doi: 10.1007/s11295-017-1109-0


 Martins, V., Garcia, A., Alhinho, A. T., Costa, P., Lanceros-Méndez, S., and Costa, M. M. R. (2020). Vineyard calcium sprays induce changes in grape berry skin, fifirmness, cell wall composition and expression of cell wall-related genes. Plant Physiol. Biochem. 150, 49–55. doi: 10.1016/j.plaphy.2020.02.033

 Martins, V., Soares, C., Spormann, S., Fidalgo, F., and Gerós, H. (2021a). Vineyard calcium sprays reduce the damage of postharvest grape berries by stimulating enzymatic antioxidant activity and pathogen defense genes, despite inhibiting phenolic synthesis. Plant Physiol. Biochem. 162, 48–55. doi: 10.1016/j.plaphy.2021.02.025

 Martins, V., Unlubayir, M., Teixeira, A., Lanoue, A., and Gerós, H. (2021b). Exogenous calcium delays grape berry maturation in the white cv. loureiro while increasing fruit firmness and flavonol content. Front Plant Sci. 12, 742887. doi: 10.3389/fpls.2021.742887

 Michailidis, M., Karagiannis, E., Tanou, G., Karamanoli, K., Lazaridou, A., Matsi, T., et al. (2017). Metabolomic and physico-chemical approach unravel dynamic regulation of calcium in sweet cherry fruit physiology. Plant Physiol Bioch. 116, 68–79. doi: 10.1016/j.plaphy.2017.05.005

 Peng, H., Yang, T. B., Whitaker, B. D., Shangguan, L. F., and Fang, J. G. (2016). Calcium/calmodulin alleviates substrate inhibition in a strawberry UDP-glucosyltransferase involved in fruit anthocyanin biosynthesis. BMC Plant Biol. 16, 197. doi: 10.1186/s12870-016-0888-z

 Ranty, B., Aldon, D., Cotelle, V., Galaud, J. P., Thuleau, P., and Mazars, C. (2016). Calcium sensors as key hubs in plant responses to biotic and abiotic stresses. Front. Plant Sci. 7, 327. doi: 10.3389/fpls.2016.00327

 Silva, R. S., Silva, S. D., Dantas, A. L., Mendonca, R. M. N., and Guimaraes, G. H. C. (2012). Quality of 'Isabel' grape treated with calcium chloride in Postharvest and stored under modified atmosphere. Rev. Bras. Frutic. 34, 50–56. doi: 10.1590/S0100-29452012000100009


 Simon, G. (2006). Review on rain induced fruit cracking of sweet cherries (Prunus avium L.), its causes and the possibilities of prevention. Int. J. Hortic. Sci. 12, 27–35. doi: 10.31421/IJHS/12/3/654


 Sofia, C., Rob, S., Paula, S. A., and Berta, G. (2018). Sweet cherry fruit cracking mechanisms and prevention strategies: a review. Sci. Hortic. 240, 369–377. doi: 10.1016/j.scienta.2018.06.042


 Stephane, R.oy, William, S., Conway, A., lley, E., and Watada Carl, E. (1994). 706 PB 350 Epicuticular wax structure and postharvest calctum uptake in ‘golden delicious apples at various intervals after storage. Hortscience 29, 534–544. doi: 10.21273/HORTSCI.29.5.534c


 Sun, J. J., Dong, Y. H., Li, C. L., and Shen, Y. Y. (2015). Transcription and enzymatic analysis of beta-glucosidase VvBG1 in grape berry ripening. Plant Growth Regul. 75, 67–73. doi: 10.1007/s10725-014-9932-x


 Sun, L., Wang, C., Zhou, Y. F., Ruan, Y. Y., Gong, X., Zhang, J., et al. (2016). Inhibition of SbABI5 expression in roots by ultra-high endogenous ABA accumulation results in sorghum sensitivity to salt stress.Int J Agric Biol. 18, 146–154. doi: 10.17957/IJAB/15.0079


 Sun, L., Zhang, M., Ren, J., Qi, J., Zhang, G., and Leng, P. (2010). Reciprocity between abscisic acidand ethylene at the onset of berry ripening and after harvest. BMC Plant Biol. 10, 257. doi: 10.1186/1471-2229-10-257

 Tonetto de Freitas, S., and Cai-Zhong JiangMitcham, E. J. (2012). Mechanisms involved in calcium deficiency development in tomato fruit in response to gibberellins. J. Plant Growth Regul. 31, 221–234. doi: 10.1007/s00344-011-9233-9


 Wang, J. G., Gao, X. M., Ma, Z. L., Chen, J., Liu, Y. N., and Shi, W. Q. (2019). Metabolomic and transcriptomic profiling of three types of litchi pericarps reveals that changes in the hormone balance constitute the molecular basis of the fruit cracking susceptibility of Litchi chinensis cv. Baitangying. Mol. Biol. Rep. 46, 5295–5308. doi: 10.1007/s11033-019-04986-2

 White, P. J., and Broadley, M. R. (2003). Calcium in plants. Ann. Bot. 92, 487–511. doi: 10.1093/aob/mcg164

 Yamamura, H., and Naito, R. (1985). Susceptibility to berry splitting in several grape cultivars. J. Jpn. Soc. Hortic. Sci. 53, 390–395. doi: 10.2503/jjshs.53.390


 Yang, Z. E., Wu, Z., Zhang, C., Hu, E. M., Zhou, R., and Jiang, F. L. (2016). The composition of pericarp, cell aging, and changes in water absorption in two tomato genotypes: mechanism, factors, and potential role in fruit cracking. Acta Physiol. Plant. 38, 1–16. doi: 10.1007/s11738-016-2228-1


 Yu, J., Zhu, M. T., Bai, M., Xu, Y. S., Fan, S. G., and Yang, G. S. (2020). Effect of calcium on relieving berry cracking in grape (Vitis vinifera L.) 'Xiangfei'. PeerJ. 8, 1–11. doi: 10.7717/peerj.9896

 Yu, J., Zhu, M. T., Wang, M. J., Tang, W. Y., Wu, S., Zhang, K., et al. (2019). Effect of nordihydroguaiaretic acid on grape berry cracking. Sci Hortic. 261, 1–7. doi: 10.1016/j.scienta.2019.108979


 Zhang, P. F., Dong, Y. M., Wen, H. Y., Liang, C. M., Niu, T. Q., Gao, Y., et al. (2019). Knockdown of VvMYBA1 via virus-induced gene silencing decreases anthocyanin biosynthesis in grape berries. Can. J. Plant Sci. 100, 176–184. doi: 10.1139/cjps-2018-0322


 Zhu, M. T., Yu, J., Zhao, M., Wang, M. J., and Yang, G. S. (2020). Transcriptome analysis of metabolisms related to fruit cracking during ripening of a cracking-susceptible grape berry cv. Xiangfei (Vitis vinifera L.).Genes Genom. 42, 639–650. doi: 10.1007/s13258-020-00930-y

 Zofoli, J. P., Latorre, B. A., and Naranjo, P. (2008). Hairline, a postharvest cracking disorder in table grapes induced by sulfur dioxide. Postharvest Biol. Technol. 47, 90–97. doi: 10.1016/j.postharvbio.2007.06.013


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.

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 © 2022 Shi, Zhou, Qin, Wang, He and Zhou. 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.



OPS/images/fpls-13-870959-g005.gif





OPS/images/fpls-13-870959-g006.gif





OPS/images/fpls-13-870959-g003.gif
Relative expression

o

1111

Relative expresson

Lull

Caeam testment ¢ diferent soges

||Il

o
I 1 m W oo

Calcium treatment at different stages

control
Cattom trestment 3t diferent s

L2
£os
sos | »
20 M ' l
o |
L1 @ W ol

Calcium treatment at different stages.





OPS/images/fpls-13-870959-g004.gif
f
&
£
5
%

=1
o
L r m W e
Codum udsiment s ierens Ssges
. o
2 s
s ¢
g s

210 H

H %

i H

H :,

o

1
Calcium treatment at different stages

I m N o

1
Calcium treatment at different stages

I @ v comd

nm

conol
o tatment ot diferent Stms





OPS/images/fpls-13-870959-t001.jpg
Genes

WNCED1
WCYP707A1
WBG1
WSuS

WHT3
WGIN1
WUFGT
VvmybA1
WDFR
GAPDH

Forward primer (5' to )

GGTGGTGAGCCTCTGTTCCT
GAAACATTCACCACAGTCCAGA
GGCTTCCTACTCCATCTTTC
CTGGGGTTTATGGGTTCTG

GCTACTCTCTACTCGTCCGCTTTG
CCTTCTCCATCCCATCGTAACC
GGGATGGTAATGGCTGTGG
TAGTCACCACTTCAAAAAGG
GCATGGAAGTATGCCAAGGAAA
TATTAGGAACCCAGAGGAGATT

Reverse primer ('to 3)

CTGTAAATTCGTGGCGTTCACT
AGCAAAAGGGCCATACTGAATA
GCAGTTTGGTGACAGGGTGA
AATGCCTCTGCCTTTTAGC

CCCGTCATTGCTTCCGAACTTG
GGTTATCCAAGTTTCCAACCAACC
ACATGGGTGGAGAGTGAGTT
GAATGTGTTTGGGGTTTATC
TCGGGGAAAGAGCAGTTATGAG
TCCTGTGGACAATGGATGGA

References

Sunetal. (2010)
Sun etal. (2010)
Sun etal. (2015)

Lin etal. (2018)
Lecourieux et al. (2010)
Luetal. (2017)

Jeong et al. (2004)
Jeong et al. (2004)
Zhang et al. (2019)





OPS/images/fpls-13-870959-g007.gif
u contol
i st St o






OPS/images/fpls-13-870959-g008.gif
IV control

fruit-cracking rate (%)

‘Fruit storage days/d





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of CaCl2 Sprays in Different Fruit Development Stages on Grape Berry Cracking



		Introduction



		Materials and Methods



		Plant Materials and Treatments



		Determination of Grape Fresh Weight, Berry Volume, and Cracking Rate



		Experimental Samples From I, II, III, IV, and Control









		Determination of Grape-Related Physiological Indicators



		Experimental Samples From I, II, III, IV, and Control









		Cellulose, Pectin Content, and Related Enzyme Activities



		Experimental Samples From I, II, III, IV, and Control









		RNA Extraction and q-PCR Assay



		Experimental Samples From I, II, III, IV, and Control









		Scanning Electron Microscopy (SEM) and Transmission Electron Microscope (TEM) of Grape Peels



		Post-Harvest Grape Cracking Assay



		Statistical Analysis







		Results



		Texture Characteristics and TSS Content



		ABA Content and Related Gene Expression Levels



		Cellulose, Pectin Content and Related Enzyme Activities









		Soluble Sugar Content and Related Gene Expression Levels



		Total Anthocyanin Content and Related Gene Expression Levels



		Effects of TheCaCl2 Application on the Microstructure of Grape Peels



		Scanning Electron Microscopy Results



		Transmission Electron Microscopy Results









		Effects of Pre-Harvest Calcium Treatment on Grape Cracking in Different Storage Stages







		Discussion



		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Plant Science

Effect of CaCl, Sprays in Different
Fruit Development Stages on Grape
Berry Cracking





OPS/images/math_1.gif
Q00+ NI'1+12'2 +193'3)"100,,

index (%) = e
it





OPS/images/fpls-13-870959-g001.gif
ive expression

= I||
o

11 om N cowd

Caldum weatment at diferent stages Caltum estment atdifrentsages
1 12
5,
£ e g <
& Bas . .
H . £
fal i Fos I I
a 00
1 L] u control 1 I o IV control

Clcum treatment ot difforent stapos Calcium treatment at different stages





OPS/images/fpls-13-870959-g002.gif
o8
: woaon s

Calcium treatment at diferent st

* »
|b|
o1 @ W

convel
alcium treatment at different stag:

1 I N o
Calcium treatment at different stages






OPS/images/fpls-13-870959-t003.jpg
Treatment C/Wt% O/Wt% Na/Wt% Mg/Wt% Si/Wt% Ca/Wt%

Il 57.60+0.18 41.02£0.18 0.49 £ 0.02 0.10£0.01 0.02 £0.01 0.62 £0.01
1} 61.6+0.36 37.66 + 0.36 0.14 £0.03 0.09 +0.02 0.02 +0.02 0.6+0.03
\ 61.47 £0.25 38.04 +£0.25 0.12 £0.02 0.04 £0.02 0.02 £0.01 0.30 £0.02
Control 5893 +£0.23 40.51+0.23 0.17 £0.02 0.1+£0.02 0.02 +£0.01 0.28 +£0.01

C, O, Na, Mg, Si, Ca, and Zr represent the elements carbon, oxygen, sodium, magnesium, silicon, calcium, and zirconium, respectively.

Zr/Wit%

0.15 £ 0.08
0.00
0.00
0.00





OPS/images/fpls-13-870959-t002.jpg
Control

Cracking rate (%)

5.34 £ 0.70a
1.40 & 1.07b
3.24 £ 2.16ab
852 +0.17ab
6.84 £ 1.80a

Cracking index (%)

3.83+0.17ab
0.51 £ 0.36b
1.42+151b
1.76 +0.41b
5.69 £ 1.50a

Breaking force (g)

569.27 + 24.06b
607.70 + 6.74a
593.70 £ 7.71ab
581.97 + 10.16ab
521.40 £ 19.81c

TSS content (%)

13.83 + 0.09b
12.90 + 0.36c
13.63 £ 0.12b
13.23 +0.12Bc
14.17 £ 0.25a

Fresh weight (g)

6.95+1.2
73215
72011
6.97 +£0.8
6.73£0.7

Data are presented as mean + standard. Lowercase letters represent significant differences (P < 0.05). C x L represents cross x longitudinal.

Berry volume (C x L)

28.7 x 246
242 x 255
239 x 247
2389 x 246
213 x 225









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Plant Science





