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Abstract

:

Low temperature is an abiotic stress factor limiting the distribution of fruit tree cultivation areas. As temperate deciduous fruit trees, apple (Malus domestica) trees go dormant in the winter to adapt to or avoid damage caused by low temperatures. The capacity for cold resistance is closely linked to the physiological, biochemical, and structural characteristics of one-year-old branches. In this study, we investigated such changes in the branches of cold-resistant ‘Hanfu’ (HF) and cold-sensitive ‘Naganofuji 2’ (CF) apple varieties. The relative electrical conductivity, malondialdehyde content, and reactive oxygen species content of HF branches were lower than those of CF branches, while the antioxidant enzyme activity was higher in HF. The proline, soluble protein, and soluble sugar contents in both varieties showed an initial increase, followed by a subsequent decrease. Sucrose and sorbitol were the main sugar components, but sucrose and fructose were higher in HF than in CF. The periderm, phloem, and xylem of HF branches were also found to be thicker than those of CF branches, while the vessel diameter was smaller and the density greater. The results of this study provide a theoretical reference for further research on the low temperature adaptability of apple tree branches during dormancy.
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1. Introduction


Apples (Malus domestica) are an economically important fruit in China, with major apple-producing regions including the traditional Bohai Bay and northwest Loess Plateau regions, as well as distinctive apple-producing regions such as the southwest cool highlands, Xinjiang, and the northeast. The climatic characteristics of apple-producing regions vary substantially, with the northeast region being a high-latitude area with a cold climate [1]. In this region, low temperatures are an important environmental factor affecting apple cultivation and the safe overwintering of trees. As a deciduous fruit tree in temperate regions, apple trees adapt or avoid low temperature damage in winter through dormancy, and they enhance cold resistance by regulating their own physiological and metabolic changes [2,3]. Previous studies have shown that continuous low temperatures can lead to membrane damage, reduced selective permeability, extravasation of internal solutes, and increased relative electrical conductivity. Therefore, relative electrical conductivity is often used to evaluate the cold resistance of plants [4]. In addition, low temperature stress can induce the production of reactive oxygen species (ROS), which can be used as a signal molecule to make plants respond to low temperature. However, with the deepening of stress, the increased production of ROS can cause plant membrane lipid peroxidation and induce the production of malonaldehyde (MDA). Liu et al. found that low temperatures induced considerable accumulation of MDA, superoxide anion (O2−), and hydrogen peroxide (H2O2) in banana leaves [5]. Therefore, maintaining the dynamic balance of ROS is essential for the survival of plants under stress conditions. Superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) are important protective enzymes against ROS induced damage [6]. Similarly, Wei et al. found that low temperatures substantially increased the activities of SOD, CAT, and POD, which enhanced the cold tolerance of tobacco seedlings after treatment at 4 °C [7]. In addition, the ascorbate-glutathione (AsA-GSH) cycle is an important pathway for plants to maintain intracellular redox balance, including ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDHAR), and glutathione reductase (GR) [8,9]. Rani et al. found that cold acclimation increased the APX and GR activities of cold-tolerant genotype chickpeas, and reduced the damage induced by low temperatures to the leaves of cold-tolerant genotype chickpeas [10]. It has also been reported that osmotic adjustment substances such as soluble sugar, proline, soluble protein, and various low molecular weight solutes can protect plants from damage under low temperature stress [3]. Yu et al. found that the total soluble sugar content of peach (Prunus persica) tree bark tissue increased considerably during cold acclimation [11]. Sucrose, glucose, fructose, and sorbitol were the main sugars in peach tree bark, and the content of sucrose and sorbitol in the bark tissue of ‘Janghowon Hwangdo’ trees, which exhibit strong cold resistance, was substantially higher than that in ‘Hikawa Bakuho’ trees, which display weak cold resistance. Kwon et al. also found that the soluble sugar content in peach tree seedlings of the cold-tolerant variety ‘Someee’ was markedly higher than that in seedlings of the cold-sensitive variety ‘Odoroki’ during cold acclimation; sucrose was the main soluble sugar, and its content was most closely related to cold resistance [12]. Under low temperature stress, not only do the internal physiological and biochemical activities of plants change, but also the tissue structure changes. The branch structure is the main index to evaluate cold tolerance [13]. The periderm, formed during secondary growth in branches, is an important plant tissue that protects internal tissues such as phloem and xylem from biotic and abiotic stresses [14]. Previous studies have found that Hibiscus cultivars with a greater number of cell layers in the periderm cork layer exhibit stronger cold resistance [15]. Hajihashemi et al. observed the stem structure of nine Stevia rebaudiana varieties and found that cold stress substantially increased the phloem thickness in all varieties and promoted the production of phloem fibers [16]. Pandey et al. showed that xylem was more sensitive to environmental factors [17]. With a decrease in temperature, the diameter of xylem vessels decreased, and the density increased, which effectively reduced the occurrence of an air embolism.



‘Hanfu’ (HF) is a cold-resistant, high-quality, large-sized apple cultivar mainly planted in the characteristic apple-producing areas of Northeast China. It can survive the winter under conditions between −12 °C and −10 °C, which is the average temperature range in these areas in January [18]. ‘Naganofuji 2’ (CF) is the main cultivar in China’s Bohai Bay production region, and its cold resistance is weaker than that of HF [1], which makes it unsuitable for cultivation in the northeast production region. Past research on the effect of low temperature stress on apple trees primarily focused on damage under treatment at 4 °C, or different degrees of freezing damage to branches, and mainly evaluated the strength of cold resistance. However, few studies have analyzed the cold resistance of apple trees under natural low temperature conditions. Considering that apple seedlings are propagated asexually through grafting to maintain the favorable traits of the scion, we used cold-resistant Pingyi Tiancha (Malus hupehensis Rehd. var. pingyiensis Jiang) as the rootstock, and grafted apple varieties (HF and CF) with different degrees of cold resistance. The aim of this study was to evaluate the physiological and biochemical changes, as well as the differences in branch structure, in these two apple varieties under natural low temperatures during dormancy. The results of this study contribute to improving our understanding of the response of apple trees to low temperature stress during dormancy.




2. Materials and Methods


2.1. Plant Materials and Experimental Design


The experiment was carried out in the fruit tree base of Shenyang Agricultural University, Shenyang, Liaoning Province, China (41°49′ N, 123°34′ E). The orchard soil in the study area was classified as brown soil, and the following physical characteristics were recorded: pH 6.3, organic matter content 7.20 g/kg, alkali-hydrolyzable nitrogen 49.5 mg/kg, available phosphorus 35.3 mg/kg, and available potassium 76.1 mg/kg. In mid-April 2020, scions of ‘Hanfu’ (HF) and ‘Naganofuji 2’ (CF) were top-grafted (>1 m from the ground) onto four-year-old Pingyi Tiancha (M. hupehensis Rehd. var. pingyiensis Jiang) rootstocks in the field (diameter of approximately 3–4 cm) using the single-bud scion grafting method. This rootstock has strong cold tolerance and is an apple rootstock variety widely used in cold regions of China. The same rootstock was used for both varieties to control for any differences in the effects of the rootstock on the cold tolerance of the scion. Orchard management was carried out uniformly according to local industry standards throughout the growing season. During the dormant period, samples were collected on 15 November 2020, 15 December 2020, 1 January 2021, 15 January 2021, 31 January 2021, and 15 March 2021. In the Shenyang area, the lowest average temperatures typically occur in January (daily average high temperature: −4.8 °C, average low temperature: −15.1 °C); thus, intensive sampling was conducted during this period. The collected one-year-old branches were cut into lengths of approximately 0.5–1 cm, taking care to avoid buds. One segment was used to determine the relative electrical conductivity, and the remainder were frozen in liquid nitrogen and stored in an ultralow-temperature refrigerator at −80 °C for further analysis of physiological and biochemical indicators. Based on the meteorological data provided by the National Meteorological Science Data Center (http://data.cma.cn/site/index.html) (accessed on 5 November 2021), we calculated the temperature data of the Shenyang area from 2018 to 2021.




2.2. Determination of Relative Electrical Conductivity


The relative electrical conductivity of branches was determined according to the method of Xu et al. [19]. The one-year-old branches of apple trees at different dormancy stages were cut into 1–2 mm segments. The initial conductivity (EL1) was measured using a conductivity meter (DDS-307, Rex, Shanghai, China). Each sample was placed in a boiling water bath for 30 min and then oscillated at room temperature (150 rpm) for 10 h. The final conductivity (EL2) was measured, and the relative electrical conductivity value was calculated as EL1/EL2 (%).




2.3. Determination of MDA, O2−, and H2O2 Contents


The content of MDA was determined according to the method of He et al. [20]. Briefly, a 0.1 g sample was weighed and extracted with 3.0 mL of 100 g/L trichloroacetic acid solution. Next, 2.0 mL of 0.67% thiobarbiturate was added for color development. The absorbance values at 450 nm, 532 nm, and 600 nm wavelengths were measured.



The content of O2− was determined according to the method of Zhou et al. [21]. Briefly, a 0.1 g sample was weighed and extracted with 2 mL of 50 mmol phosphate buffer (pH 7.8). Next, 0.1 mL of hydroxylamine hydrochloride, 1 mL of p-aminobenzenesulfonic acid, and 1 mL of α-naphthylamine were added for color development, and a colorimetric assay was performed at 530 nm.



The content of H2O2 was determined according to the method of Zhou et al. [21]. Briefly, a 0.06 g sample was weighed and extracted with 2 mL of 5% trichloroacetic acid. Next, 100 μL of 20% titanium tetrachloride, 200 μL of concentrated ammonia, and 3 mL of 1 mol concentrated sulfuric acid were added for color development, and a colorimetric assay was performed at 410 nm.




2.4. Determination of Antioxidative Enzyme Activities


The activities of SOD, POD, CAT, APX, MDHAR, DHAR, and GR were determined according to the method of Li et al. [22]. Briefly, for the determination of SOD, a 0.1 g sample was weighed and extracted with 1 mL of 50 mmol phosphate buffer (pH 7.8). Next, 1.75 mL of 50 mmol phosphate buffer (pH 7.8) was added, and then 0.3 mL each of methionine (130 mmol), nitrogen blue tetrazole (750 μmol), edathamil disodium (100 μmol), and riboflavin (20 μmol) were added to determine the absorbance at 560 nm.



The 0.1 g sample was weighed, and the test solution of POD, CAT, and APX was extracted with 0.1 g of polyvinylpyrrolidone and 2 mL of 50 mmol phosphate buffer (pH 7.8). Briefly, for the determination of POD, a mixture of 50 mL of 50 mmol phosphate buffer (pH 7.8), 28 μL of guaiacol, 19 μL of 30% H2O2, and 200 μL of enzyme solution was reacted for 30 min, and a colorimetric assay was performed at 470 nm. Briefly, for the determination of CAT, a mixture of 1 mL of 50 mmol Tris-HCl, 1.75 mL of water, and 0.05 mL of enzyme solution was reacted for 3 min, and then 0.2 mL of H2O2 was added to determine the absorbance value at 240 nm. Briefly, for the determination of APX, a mixture of 0.65 mL of water, 0.1 mL of 50 mmol phosphate buffer (pH 7.8), 0.1 mL of 2 mmol ascorbic acid, 0.05 mL of enzyme solution, and 0.1 mL of 2 mmol H2O2 was used to determine the absorbance value at 290 nm. Briefly, to determine MDHAR, a mixture of 2.7 mL of 2 mmol AsA, 0.12 mL AsA oxidase, 0.09 mL of 2 mmol nicotinamide adenine dinucleotide phosphate, and 0.09 mL of enzyme solution was used to determine the absorbance value at 340 nm. Subsequently, to determine DHAR, a mixture of 0.57 mL of 0.1 mol phosphate buffer (pH 7.0), 0.1 mL of 1 mmol ethylenediaminetetraacetic acid (EDTA), 0.1 mL of 10 mmol oxidized ascorbate, 0.1 mL of 2 mmol GSH, 0.1 mL water, and 0.03 mL of enzyme solution was used to determine the absorbance value at 265 nm. Finally, to determine GR, a mixture of 0.1 mL of 1 mol 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 0.1 mL of 5 mmol EDTA, 0.1 mL of 1 mmol nicotinamide adenine dinucleotide phosphate, 0.1 mL of 5 mmol oxidized GSH, 0.55 mL water, and 0.05 mL of enzyme solution was used to determine the absorbance value at 340 nm.




2.5. Determination of Proline, Soluble Protein, and Soluble Sugar Contents


The content of proline was determined according to the method of He et al. [23]. Briefly, a 0.1 g sample was weighed and extracted with 1.5 mL of 3% sulfosalicylic acid. Next, 1 mL of supernatant, 1 mL of glacial acetic acid, and 1 mL of acidic ninhydrin were added for color development, and a colorimetric assay was performed at 520 nm.



The content of soluble protein was determined according to the method of Xu et al. [1]. Briefly, a 0.1 g sample was weighed and extracted with 0.1 g of polyvinylpyrrolidone and 2 mL of 50 mmol phosphate buffer (pH 7.8). Next, 0.03 mL of the enzyme solution was mixed with 0.97 mL of distilled water and 5.0 mL of Coomassie Brilliant Blue solution. Finally, the mixture was allowed to rest for 2 min, and then a colorimetric assay was performed at 595 nm.



The content of soluble sugar was determined according to the method of Yemm et al. [24]. Briefly, a 0.1 g sample was weighed and extracted with 3 mL of 80% ethanol. Next, 4 mL of anthrone was added for color development, and a colorimetric assay was performed at 620 nm.




2.6. Determination of Sucrose, Glucose, Fructose, and Sorbitol Contents


The content of sucrose, glucose, fructose, and sorbitol was determined according to the method of Huang et al. [25]. A 0.2 g sample was weighed and extracted with 3 mL of 80% ethanol. The sugar content was determined using an Agilent 1260 high-performance liquid chromatograph (Agilent, Santa Clara, CA, USA) equipped with a quaternary pump, an automatic sampler, and a differential refractive index detector. The chromatographic column was Caromix Ca-NP (7.8 × 300 mm, 10 μm), and the column temperature was 80 °C.




2.7. Anatomical Structure Analysis of One-Year-Old Branches


On 15 November 2020, 15 January 2021, and 15 March 2021, upright and uniform one-year-old branches free of pests and diseases were selected for sampling. Segments with 1 cm diameters were taken from the middle of the branches, while avoiding bud eyes, and a fixative (FAA: formaldehyde, alcohol, acetic acid) was applied. The branches were immersed in ethylene glycol ether acetate for 6 h at 37 °C, stored overnight at 37 °C, and then exposed to room temperature for 20–30 min. Subsequently, they were soaked in anhydrous ethanol for 20 min, 95% ethanol for 10 min, 90% ethanol for 10 min, and 80% ethanol for 10 min, and then they were washed with deionized water. Next, the branches were placed in safranine dye solution for 3–5 s, and the excess dye was washed off with deionized water. The branches were sequentially placed in 50%, 70%, and 80% gradient alcohol for 3–8 s each. Then, the branches were placed in solid green dye solution for 4–6 s and dehydrated with anhydrous ethanol afterward. Finally, the branches were placed in xylene for 5 min and then sealed with neutral gum. The cross-section of each branch was observed using an upright optical microscope (Eclipse E100, Nikon, Tokyo, Japan), images were captured using a Nikon DS-U3 microscope camera controller (Nikon, Tokyo, Japan), and the anatomical structure of the branches was analyzed using CaseViewer software (version 2.4.0). Vessel density was calculated by using Adobe Photoshop software to draw a square box of 200 × 200 pixels on each image and the number of vessels in the box was counted. If the box boundary vessel area was >1/2, then it was counted; otherwise, it was not counted.




2.8. Statistical Analyses


Each treatment in this study was performed in triplicate, and the data are presented as the mean ± standard deviation. Statgraphics (STN, St Louis, MO, USA) was used for statistical analysis, prior to which all data were tested for normality using descriptive methods. Standard skewness and standard kurtosis between −2 and +2 were considered to satisfy normal distribution. A one-way ANOVA with Duncan’s test was used to identify significant differences (p < 0.05). Physiological and biochemical data were analyzed using Pearson’s correlation analysis.





3. Results


3.1. Changes in Temperature during Dormancy


To explore the physiological and biochemical responses of one-year-old apple tree branches to natural low temperatures during winter dormancy in the cold region of Northeast China, we analyzed the changes in the stress-resistance indices of two apple varieties with different degrees of cold resistance. First, we calculated the temperature changes in Shenyang during the dormancy period from 2018 to 2021. Figure 1 shows that the temperature change trend during the dormancy period from 2018 to 2021 was similar in each year. The temperature was low during January, with the highest temperature in this month being below zero. During March, the highest temperature reached above zero, while the lowest temperature was below zero. The phenomenon of alternating high and low temperatures can lead to a freeze–thaw pattern, which can damage trees.




3.2. Effects of Natural Low Temperatures on Physiology and Biochemistry of Apple Tree Branches during Dormancy


Relative electrical conductivity is an important index used to evaluate the degree of plant damage. In this study, the relative electrical conductivity of HF and CF showed a trend of first increasing and then decreasing (Figure 2A). In samples collected on 15 December 2020, the relative electrical conductivity of HF and CF was measured, and the difference was not significant. However, the relative electrical conductivity of CF was significantly higher than that of HF in other periods. The change trend of MDA content, which is used as an indicator of damage to plant cells due to stress, was similar to that of the relative electrical conductivity, decreasing in March, and the MDA content of CF was significantly higher than that of HF. Figure 2B shows that the O2− content of HF and CF increased rapidly from December to January, increasing by 16.34% and 10.13%, respectively. In March, the content of O2− in HF decreased, while the content of O2− in CF increased, and the difference was significant. The change trend of H2O2 content in HF and CF branches during dormancy first increased and then decreased. The H2O2 content of HF reached a peak (47.32 mmol/g) in samples collected on 15 January 2021, while that of CF reached a peak (55.15 mmol/g) in samples collected on 31 January 2021. The H2O2 content of HF and CF in the two periods was significantly different. During different stages of dormancy, the SOD activity of HF was significantly higher than that of CF, while from 15 December 2020 to 31 January 2021, the POD activity of HF and CF changed slightly; the activities of SOD, POD, and CAT decreased on 15 March 2021, but the antioxidant enzyme activity of HF was significantly higher than that of CF. Whether HF or CF, APX activity peaked on 15 January 2021, and HF was significantly higher than CF. The activity of MDHAR and GR peaked on 31 January 2021. The DHAR activity of HF and CF increased first, then decreased, while HF and CF peaked on 15 and 31 January 2021, respectively. The DHAR activity of the two varieties decreased on 15 March 2021, and HF was considerably higher than CF (Figure 2B).



Figure 2C shows that, during dormancy, the content of proline in HF (0.32 mg/g) and CF (0.30 mg/g) was the highest in samples collected on 31 January 2021, but the difference was not significant. The soluble protein content of HF (11.91 mg/g) and CF (11.30 mg/g) was the highest in samples collected on 15 December 2020, and the difference was significant. We found that the soluble sugar content of HF and CF increased rapidly during January, and the soluble sugar content of HF was significantly higher than that of CF in samples collected on 1 January 2021 and 15 January 2021, but there was no significant difference in the soluble sugar content between the two varieties in samples collected on 31 January 2021.



Sucrose, fructose, glucose, and sorbitol are important components of soluble sugar. The change trend of sucrose content in HF and CF was relatively stable in samples collected between 15 December 2020 and 15 January 2021, and the sucrose content in HF was significantly higher than that in CF. In samples collected between 15 January 2021 and 31 January 2021, the glucose content of CF decreased slightly, while the glucose content of HF changed more gradually. The fructose content of CF (2.69 mg/g) was the highest in samples collected on 15 January 2021 and was not significantly different from that of HF. The fructose content of HF reached a maximum value of 3.19 mg/g in samples collected on 31 January 2021, which was significantly higher than that of CF. During dormancy, there was no significant difference in sorbitol content between the two varieties, except in samples collected on 1 January 2021, which displayed a higher sorbitol content in HF than CF. In addition, we found that the contents of sucrose and sorbitol in branches were relatively high (Figure 3). In summary, the differences between the two varieties during dormancy confirmed that, in HF, the cell membrane was relatively stable, the scavenging ability of ROS was strong, a high amount of osmotic adjustment substances could be accumulated, and the cold tolerance was strong.




3.3. Effects of Natural Low Temperatures on the Anatomical Structure of One-Year-Old Apple tree Branches


The periderm is composed of the cork layer, the cork cambium, and the inner layer of the cork, which plays a protective role. In samples collected on 15 November 2020, the thickness and proportion of the periderm of HF were significantly greater than those of CF, which is less resistant to cold (Table 1), and although the cork layer on the outer periderm of the two varieties is composed of three layers of cells, the cork layer cells of HF were full in shape and arranged closely and uniformly (Figure 4A). The phloem is composed of the primary and secondary phloem, contains a large number of sieve tubes and companion cells, and is located between the cortex and the cambium. In this study, the phloem thickness of HF during dormancy was significantly greater than that of CF, and the proportion of phloem was also significantly higher in HF than in CF (Table 1, Figure 4). The cambium is composed of multiple layers of narrow and closely arranged cells, which are meristems that produce secondary xylem and phloem. We determined that the cambium thickness of CF was larger than that of HF in samples collected on 15 November 2020, and the difference was significant. However, in samples collected on 15 January 2021 and 15 March 2021, there was no significant difference in the thickness and proportion of cambium between the two varieties (Table 1, Figure 4). Xylem is an important cold-resistant tissue in branches. We found that the xylem thickness of HF was significantly greater than that of CF during dormancy, and the proportion of xylem in HF branches was also significantly higher than that in CF. The vessels in the xylem transport water and inorganic salts upward. We found that during dormancy, the number of vessels in HF was significantly higher than that in CF, within a certain range. In samples collected on 15 November 2020 and 15 January 2021, the vessel area of HF was significantly smaller than that of CF (Table 1, Figure 4). The pith is located in the central part of the branch, which is composed of parenchyma cells and can store nutrients. We observed that the parenchyma cells in the pith of the two varieties were closely arranged. In samples collected on 15 March 2021, the pith radius of HF was significantly larger than that of CF, and HF branches had a higher proportion of pith than CF (Table 1, Figure 4C).




3.4. Correlation Analysis


We analyzed the correlation between the physiological and biochemical data of HF and CF. As shown in Figure 5A, there were significant positive correlations between MDA and glucose and relative electrical conductivity (p < 0.05), a highly significant positive correlation between O2− and glucose (p < 0.01), a highly significant positive correlation between SOD and fructose (p < 0.01), and significant negative correlations between glucose and relative electrical conductivity and soluble protein (p < 0.05). Figure 5B shows that there were significant positive correlations between H2O2 and CAT and soluble sugar (p < 0.05), a highly significant positive correlation between CAT and relative electrical conductivity (p < 0.001), and a significant positive correlation between sucrose and POD (p < 0.001).





4. Discussion


Dormancy is an important strategy for the survival of apple trees and other temperate perennial woody plants under low temperature conditions [26,27]. The shortening of the photoperiod and the decrease in temperature are important conditions for inducing dormancy [28]. Although, fruit trees in the Rosaceae family, such as apple, are insensitive to changes in the photoperiod and initiate dormancy mainly in response to low temperatures [29,30]. However, global warming may lead to a lack of sufficient low temperature accumulation during winter dormancy, thereby impacting the normal phenological stages of deciduous fruit trees, such as affecting germination uniformity, fruit ripening, or leaf abscission [31,32]. In addition, an increase in temperature may also promote the extension of the growing season, resulting in a delay in apple dormancy, which will lead to changes in the content and structure of metabolites [33] and reduce the cold resistance of apples. Therefore, this study analyzed the physiological and biochemical changes during dormancy in apple varieties with different degrees of cold resistance under natural low temperature conditions in winter from 2018 to 2021. Figure 1 shows that the lowest temperature of each year appeared around January, while the lowest temperature during the dormancy period during 2020–2021 increased significantly. Therefore, an increase in temperature during dormancy may affect the cold accumulation of plants. In addition, an increase in temperature during ecodormancy may induce the early germination of buds and increase the risk of low temperature damage [34].



The temperature, whether continuously low during winter dormancy or repeatedly alternating between high and low in late winter and early spring, is an important environmental factor affecting the optimal cultivation area of apple trees. The difference in the cold resistance of apple varieties can be reflected in the changes in physiological and biochemical indices under low temperature stress. Xu et al. found that under natural low temperature conditions in mid-November, the membrane structure of cold-resistant HF was more stable, and the antioxidant enzyme activity and osmotic adjustment substance content were higher [16]. The plasma membrane in plants plays a central role in regulating various cellular processes in response to low temperature injury [35]. Previous studies have suggested that low temperatures can increase membrane permeability, leading to the leakage of internal solutes, decreased osmotic potential, and cell death due to water loss in severe cases [36]. Therefore, the relative electrical conductivity value is considered to be an important index to evaluate the degree of plant membrane damage [37]. In this study, we found that the relative electrical conductivity and MDA content of HF and CF gradually increased with the deepening of dormancy and reached a maximum at the end of January (Figure 2A), which was similar to the results of previous studies on the cold resistance of Quercus during dormancy [38]. In addition, the relative electrical conductivity and MDA content of CF were significantly higher than those of HF. The results showed that CF was severely damaged by low temperatures during winter dormancy in the cold region of Northeast China, and its cold resistance was weaker than that of HF. Wang et al. evaluated the cold resistance of different apple rootstocks and found that the relative electrical conductivity and MDA content of GM256, with strong cold resistance, were lower under different low temperature treatments, while the relative electrical conductivity and MDA content of M9, with weak cold resistance, were higher [39].



Low temperature stress can induce an increase in ROS content in plants, and with the deepening of stress, the accumulation of ROS exceeds the range that plants can tolerate, leading to adverse effects [40]. In this study, in both HF and CF during 15 December 2020 to 31 January 2021, the O2− content increased at first and then decreased in mid and late January, while the H2O2 content increased slightly. This result may be attributed to the increase in SOD activity during the internal dormancy period. SOD is first activated as the first line of defense of the antioxidant system, which promotes the conversion of O2− to H2O2. Sedaghat et al. also found that the SOD activity in the terminal buds of figs increased during dormancy, which may be beneficial to germination [41]. Previous studies have suggested that ROS produced in the early stage of stress may act as a signal that promotes an active response to various abiotic stresses and the establishment of plant defense systems; ROS also play a role in the process of endodormancy release [32]. As an important part of the antioxidant system, SOD, POD, CAT antioxidant enzymes and APX, DHAR, MDHAR, and GR in the AsA-GSH cycle pathway are important ways for plants to maintain the dynamic balance of ROS under stress conditions. In this study, the activities of SOD, POD, and CAT in HF and CF changed significantly at different dormancy stages. The activities of SOD and POD in HF with strong cold resistance during dormancy were significantly higher than those in CF, which may lead to their different adaptability to environmental stress during dormancy. (Figure 2B). Meng et al. conducted low temperature treatment on maize with different cold tolerance and found that the SOD activity of the cold-tolerant RM line was higher at low temperatures, while the POD activity decreased. [42]. Jing et al. analyzed the changes in antioxidant enzyme activities of apple dwarfing interstocks with different degrees of cold resistance during overwintering. It was found that GM256, with strong cold resistance, had higher SOD and POD activities, and the production rate of superoxide anions was lower. An increase in antioxidant enzyme activity may reduce the damage to the membrane system caused by low temperatures and enhance the cold resistance of plants [43]. The AsA-GSH cycle is important for cells to resist ROS damage, and the activity of these enzymes is positively correlated with plant stress tolerance. In this study, the content of H2O2 in cold-resistant HF was low, which may be associated with the AsA-GSH cycle-related enzymes. As an essential enzyme in the ASA-GSH cycle, APX can use AsA to provide electrons and catalyze the reduction of H2O2 to H2O [44]. The higher APX activity in HF alleviated the damage of H2O2 to cells. The activity of APX first increased, effectively alleviating the cell damage caused by the high ROS levels, and then decreased after mid-January. Hernandez et al. found that the APX activity in peach buds in cold regions increased by 12 times during endodormancy and then decreased at the end of endodormancy, which was similar to the results of this study [45]. In addition, MDHAR and DHAR can promote the regeneration of AsA, which is involved in the removal of H2O2 by APX. GR promotes GSH production, and AsA and GSH produced in the ASA-GSH cycle can be used as non-enzymatic antioxidants to scavenge ROS [46]. In this study, the activities of MDHAR and DHAR were higher in cold-resistant HF, while the difference in GR activity was small, and the activities of MDHAR, DHAR, and GR decreased on 15 March 2021 in both HF and CF. This is similar to the findings of Wang et al. on two Wucai with different cold resistance under low temperature stress. WS-1 with strong cold resistance has higher activities of GR, DHAR, and MDHAR, which improves the antioxidant level under low temperature stress [47]. In addition, 0 °C environment increased the APX and GR activities of winter jujube and maintained the postharvest quality of winter jujube by reducing oxidative damage and enhancing antioxidant capacity [48]. In summary, with the deepening of dormancy and decrease in natural temperature, the activity of antioxidant enzymes increases, and promotes the AsA-GSH cycle to respond to low temperature stress, thereby enhancing the scavenging ability of ROS, reducing the degree of cell membrane damage and membrane lipid peroxidation, and maintaining the balance of reactive oxygen metabolism recovery.



Under low temperature stress, the accumulation of osmotic adjustment substances is an important way for plants to improve their tolerance for low temperatures. Proline can not only participate in osmotic balance and maintain membrane structure and protein stability but can also scavenge ROS [49]. Previous studies have found that spraying 20 mmol proline on citrus leaves can significantly improve their antioxidant capacity under −3 °C low temperature conditions, regulate the redox state of cells, and stabilize cell activity as an ROS scavenger under oxidative stress conditions [50]. In this study, the proline content in HF and CF fluctuated between December and January, and HF accumulated more proline content overall (Figure 2C). Zhao et al. found that a large amount of proline accumulated in wheat after cold acclimation [51]. Similarly, Qi et al. found that rapeseed seedlings with strong cold resistance could accumulate more proline under low temperature conditions and displayed higher antioxidant enzyme activity and reduced ROS production [52]. In summary, we concluded that proline accumulation during dormancy may improve the adaptability of HF to low temperatures by reducing ROS content and increasing cell osmotic potential. Additionally, the soluble protein content in HF and CF reached a maximum in December and then decreased to varying degrees (Figure 2C). Similarly, Karimi et al. found that the soluble protein content in grape buds decreased in March during cold acclimation [53]. The increase in soluble protein content during natural dormancy may be an important and effective means for apple trees to enhance membrane stability and frost resistance as the accumulation of soluble protein can improve the water holding capacity of cells.



It has been reported that soluble sugar serves important functions such as energy storage, signal transduction, ROS scavenging, and osmotic adjustment [32,36,54]. Furthermore, soluble sugar plays an important role in enhancing plant cold tolerance and is a physiological marker that reflects the depth of dormancy [55]. In this study, the soluble sugar content continued to increase during the dormant period, reaching a maximum at the end of January and then decreasing (Figure 2C). Zhang et al. found that the soluble sugar content in Prunus mume buds was low at the early stage of dormancy and then increased with the deepening of dormancy, which may be related to the promotion of starch hydrolysis by low temperatures [56]. The decrease in natural temperatures during dormancy increases the risk of plant injury due to freezing, and the accumulation of soluble sugar is a strategy for plants to cope with low temperature stress. Previous studies have found that peach trees in cold regions accumulate more soluble sugar than those in temperate regions during dormancy, and the contents of sorbitol and sucrose were the highest among the sugars [45]. Rady et al. found that the content of soluble sugar in dormant apple tree buds was also higher [57], which was consistent with the results of this study (Figure 2). The contents of sucrose and sorbitol in HF and CF were higher than those of glucose and fructose, which indicated that sucrose and sorbitol may participate in plant protection during winter dormancy by enhancing the tolerance of plants to low temperature stress. In addition, the contents of glucose and fructose in HF and CF also increased rapidly during dormancy (Figure 3), and the accumulated glucose and fructose may meet the carbon demand of apple trees under low temperature conditions [58,59]. The decrease in total soluble sugar content and different sugar components during March may be in preparation for growth recovery activities, such as germination and flowering [38].



The cold resistance of plants is related to both the external environment and internal physiological and biochemical activities, and it also varies depending on tissue structure. The living bark cells of many woody plants have been shown to be more resistant to cold than xylem cells are, and the pith in the center of the branch is more sensitive to freezing injury than the outer layers [60,61]. However, few studies have focused on the relationship between different tissue structures and cold resistance in apple tree branches. Therefore, this experiment evaluated the cold resistance of apple trees by analyzing the anatomical structure indices of pith, xylem, phloem, periderm, and vessels of one-year-old apple tree branches.



The periderm is a secondary protective tissue, which is the first line of defense for plants in resisting stress. Zhai et al. found that the periderm of cold-resistant Hibiscus was thicker and the number of cork layer cells was greater compared to those of non-cold-resistant varieties [12]. In this study, the cold-resistant HF had a thicker periderm, and the cork layer cells were arranged closely to reduce the evaporation of water (Figure 4A). Sieve tubes and companion cells in the phloem are the main components involved in transporting photosynthetic assimilation products. They can also store starch and other substances, increase the osmotic potential of cells, and prevent cell membranes from being damaged by dehydration or low temperatures. In addition, the phloem can support the change in carbon distribution and promote the accumulation of starch in flower buds and the development of leaf primordia in winter [27,62,63]. In this study, we found that the phloem of HF, with strong cold resistance, was thicker and accumulated a larger amount of soluble sugar (primarily sucrose and sorbitol) than that of CF (Figure 2C, Figure 3 and Figure 4). Similarly, in comparing the cold resistance of different varieties of raspberries, Chang et al. found that raspberries with stronger cold resistance often have thicker phloem [64].



We found that in mid-November, the cambium of CF, with weaker cold resistance, was thicker than that of HF (Figure 4A). This result may have been due to the stronger growth potential and vigorous vegetative growth of CF, which increased the differentiation of cambium tissue into xylem and phloem, thereby potentially increasing the risk of low temperature injury. In addition, the cambium tissue enters dormancy later than the cortex and xylem, making it susceptible to freeze damage if low temperatures occur in the early stage of endodormancy. However, when the plant completely enters the ecodormancy period (mid to late January in northern regions of China), even under conditions of severe cold temperatures, the cambium is more resistant to cold than the cortex or xylem are, and it is less prone to freeze injury. This may be due to the active embryonic cells of the cambium tissue that display strong meristem ability and can rapidly metabolize, self-repair, and maintain cell stability when freeze injury occurs. Moreover, it has been theorized that the cambium will gradually regain its vitality and begin partial lignification after the ecodormancy period when the plants experience a certain degree of low temperatures. When low temperatures occur in the late winter and early spring, microtubule depolymerization may occur; thus, the early activation of the cambium increases the risk of freezing injury [65]. Furthermore, the reactivation of cambium can also promote the conversion of starch into soluble sugar, increase the osmotic potential of cells, and provide the pressure required for cell expansion [66]. However, the results of this study showed that there was no significant difference in cambium thickness between the two varieties with different degrees of cold resistance in mid-January and mid-March (Figure 4B,C). We propose that the thicker cambium of CF during endodormancy is vulnerable to low temperature damage, which may be one of the reasons for its weak cold resistance.



The proportion of xylem is positively correlated with the cold resistance of plant varieties [67]. Ito et al. found that carbohydrates in Japanese pears were transported to stems during endodormancy, and this process may be affected by low temperatures, resulting in an increase in sorbitol content in the xylem and promoting the formation of cold tolerance [68]. In this study, we found that the thickness and proportion of xylem in HF were significantly greater than those of xylem in CF at different stages of dormancy (Figure 4), and the sorbitol content of HF was higher than that of CF during the endodormancy period (Figure 3). We speculate that the increase in xylem thickness and the accumulation of sorbitol may be adaptations of HF to low temperature conditions and that the secondary xylem tissue is the most cold resistant [69]. The vessels in the xylem play an important role in transporting water, and their density and area are also related to cold resistance. Guo et al. observed that the cold-resistant ‘Hunchun’ peach tree has thick vessels, which can ensure higher water transport efficiency and reduce freezing injury [70]. However, the relationship between vessel diameter and cold resistance in apple trees is inconsistent with that in peach trees. Pramsohler et al. explored the freezing pattern of apple trees during natural frost [61]. It was found that the temperature in branches with a small vessel diameter was lower than that in branches with a large vessel diameter, indicating that branches with a small vessel diameter had stronger cold resistance. Schweingruber et al. observed the anatomical characteristics of Campanulaceae plants from different regions and found that those living in cold regions have smaller vessel diameters in their stems than those living in warm regions [71]. It is likely that this feature may enable plants to cope with embolism and cavitation caused by freezing, thereby improving their tolerance to low temperatures. In addition, García-Cervigón et al. reached a similar conclusion that a decrease in vessel diameter and an increase in vessel density are adaptations of Nothofagus pumilio to its high-elevation and low temperature environment [72]. The results of the current study revealed that, during different periods of dormancy, the vessel density in the xylem of HF was significantly higher than that in the xylem of CF, and the vessel area of HF was significantly smaller than that of CF (Figure 4, Table 1). Therefore, the narrowing of vessels and the increase in vessel density of trees in cold environments are adaptive mechanisms to survive in low temperature stress environments [73,74]. Based on the study data, HF exhibits a reduced risk of embolism caused by severe winter temperatures or alternating high and low temperatures in early spring, and thus, it displays greater resistance to low temperatures.




5. Conclusions


In this study, we clarified the differences in physiological, biochemical, and structural characteristics of one-year-old apple tree branches of cold-resistant HF and cold-sensitive CF during natural dormancy. Compared with CF, HF displayed more stable membrane lipid structure and higher antioxidant enzyme activity. Additionally, HF accumulated a greater amount of proline and soluble sugar (primarily sucrose and sorbitol) than CF did with the natural decrease in temperature. A comparison of the structural characteristics of HF and CF one-year-old branches revealed that thicker periderm, phloem, and xylem tissues; smaller vessel diameters; and a higher vessel density likely enhance the cold resistance of apple tree branches. The results of this study contribute to an improved understanding of the physiological, biochemical, and anatomical changes in apple tree branches in response to low temperatures during dormancy. Furthermore, this study provides a reference for evaluating the cold resistance of apple trees.
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Figure 1. Temperature statistics during dormancy in Shenyang from 2018 to 2021. 
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Figure 2. Physiological and biochemical changes in apple tree branches during dormancy: (A) degree of cell membrane damage during dormancy; (B) generation and removal of reactive oxygen species (ROS) during dormancy; (C) content of osmotic adjustment substances during dormancy. Bars and error bars indicate mean ± standard deviation from three biological replicates. ‘Hanfu’ (HF); ‘Naganofuji 2’ (CF). * indicate significant differences (p < 0.05). ns indicates no significance. 
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Figure 3. Sugar content changes in apple tree branches during dormancy. Bars and error bars indicate mean ± standard deviation from three biological replicates. ‘Hanfu’ (HF); ‘Naganofuji 2’ (CF). * significant differences (p < 0.05). ns indicates no significance. 
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Figure 4. Anatomical structure of cross-sections of one-year-old apple tree branches in dormant period: (A) 15 November 2020; (B) 15 January 2021; and (C) 15 March 2021. periderm (Pe); phloem (Ph); cambium (Ca); xylem (Xy); vessel (Ve); pith (Pi); ‘Hanfu’ (HF); ‘Naganofuji 2’ (CF). 






Figure 4. Anatomical structure of cross-sections of one-year-old apple tree branches in dormant period: (A) 15 November 2020; (B) 15 January 2021; and (C) 15 March 2021. periderm (Pe); phloem (Ph); cambium (Ca); xylem (Xy); vessel (Ve); pith (Pi); ‘Hanfu’ (HF); ‘Naganofuji 2’ (CF).



[image: Horticulturae 09 00947 g004]







[image: Horticulturae 09 00947 g005] 





Figure 5. Pearson correlation analysis between physiological and biochemical indices of HF (A) and CF (B). Relative electrical conductivity (REC); malondialdehyde (MDA); superoxide dismutase (SOD); peroxidase (POD); ascorbate peroxidase (APX); catalase (CAT); proline (Pro); soluble sugar (SS); soluble protein (SP); sucrose (Suc); glucose (Glu); fructose (Fru); sorbitol (Sor); monodehydroascorbate reductase (MDHAR); dehydroascorbate reductase (DHAR); glutathione reductase (GR). The levels of significance are indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Table 1. Anatomical structure indices of the cross-sections of one-year-old apple tree branches.






Table 1. Anatomical structure indices of the cross-sections of one-year-old apple tree branches.





	
Date

	
15 November 2020

	
15 January 2021

	
15 March 2021




	
Species

	
CF

	
HF

	
CF

	
HF

	
CF

	
HF






	
Radius of branch (μm)

	
3311.24 a ± 253.03

	
3468.56 a ± 330.71

	
3143.46 a ± 176.79

	
2963.72 a ± 208.08

	
3059.78 a ± 185.54

	
3202.48 a ± 268.12




	
Radius of

pith (μm)

	
517.08 a ± 62.27

	
517.96 a ± 41.94

	
516.24 a ± 66.11

	
513.84 a ± 49.81

	
528.48 b ± 22.79

	
700.54 a ± 69.04




	
Thickness of xylem (μm)

	
2054.72 b ± 120.29

	
2291.66 a ± 150.65

	
1942.50 b ± 35.03

	
2047.14 a ± 88.29

	
1964.36 b ± 126.46

	
2151.14 a ± 125.19




	
Thickness of cambium (μm)

	
27.94 a ± 1.51

	
23.34 b ± 1.72

	
38.34 a ± 4.66

	
38.20 a ± 4.63

	
27.80 a ± 2.26

	
28.20 a ± 2.01




	
Thickness of phloem (μm)

	
343.04 b ± 37.66

	
419.14 a ± 52.86

	
299.68 b ± 9.22

	
317.82 a ± 10.27

	
302.64 b ± 23.85

	
390.98 a ± 33.90




	
Thickness of periderm (μm)

	
108.98 b ± 8.85

	
131.82 a ± 13.74

	
120.12 a ± 8.33

	
126.04 a ± 10.12

	
123.60 a ± 24.74

	
124.36 a ± 7.48




	
Number of vessels

	
16.60 b ± 1.95

	
21.00 a ± 1.58

	
17.00 b ± 1.00

	
25.60 a ± 1.34

	
18.00 b ± 1.58

	
23.40 a ± 2.07




	
Vessel area

(μm2)

	
603.40 a ± 40.17

	
524.28 b ± 53.22

	
654.48 a ± 39.12

	
584.72 b ± 21.65

	
636.32 a ± 54.93

	
582.66 a ± 22.99




	
Proportion of

pith (%)

	
15.58 a ± 0.72

	
14.97 a ± 0.85

	
16.38 a ± 1.37

	
17.55 a ± 0.95

	
17.29 b ± 0.47

	
21.85 a ± 0.41




	
Proportion of xylem (%)

	
62.14 b ± 2.01

	
66.24 a ± 2.51

	
61.93 b ± 3.27

	
70.04 a ± 0.56

	
64.20 a ± 1.44

	
67.33 a ± 3.16




	
Proportion of phloem (%)

	
10.34 b ± 0.41

	
12.08 a ± 0.85

	
9.55 b ± 0.26

	
10.88 a ± 0.26

	
9.89 b ± 0.45

	
12.21 a ± 0.26




	
Proportion of periderm (%)

	
3.29 b ± 0.12

	
3.80 a ± 0.14

	
3.82 b ± 0.14

	
4.31 a ± 0.15

	
4.05 a ± 0.55

	
3.90 a ± 0.25




	
Proportion of cambium (%)

	
0.85 a ± 0.03

	
0.67 b ± 0.04

	
1.22 a ± 0.08

	
1.30 a ± 0.10

	
0.91 a ± 0.02

	
0.87 a ± 0.04








Note: The anatomical indices of one-year-old branches were observed and measured using CaseViewer software (version 2.4.0). Adobe Photoshop software was used to count the number of vessels in a 200 × 200-pixel box. Data are expressed as mean ± standard deviation of three biological replicates of the two varieties: ‘Hanfu’ (HF) and ‘Naganofuji 2’ (CF). Different letters indicate significant differences (p < 0.05).
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