

  agronomy-14-00877




agronomy-14-00877







Agronomy 2024, 14(5), 877; doi:10.3390/agronomy14050877




Article



Reactive Oxygen Species and Salicylic Acid Mediate the Responses of Pear to Venturia nashicola Infection



Yi Liu, Xinru Zheng, Peng Zhou, Yuqin Song and Liulin Li *





College of Horticulture, Shanxi Agricultural University, Taiyuan 030801, China









*



Correspondence: sxaulll@sxau.edu.cn







Citation: Liu, Y.; Zheng, X.; Zhou, P.; Song, Y.; Li, L. Reactive Oxygen Species and Salicylic Acid Mediate the Responses of Pear to Venturia nashicola Infection. Agronomy 2024, 14, 877. https://doi.org/10.3390/agronomy14050877



Academic Editor: Sang-Won Lee



Received: 18 March 2024 / Revised: 17 April 2024 / Accepted: 19 April 2024 / Published: 23 April 2024



Abstract

:

Reactive oxygen species (ROS) and salicylic acid (SA) are essential signaling molecules in plant cells that participate in responses to biotic and abiotic stresses. Changes in ROS and SA signals during interactions between pear and the pear scab pathogen Venturia nashicola remain unclear. Herein, we analyzed the roles of ROS in the signal transduction pathway of pear scab resistance using the highly resistant Huangguan and susceptible Xuehua cultivars of pear (Pyrus bretschneideri Rehd). Protoplasts, calluses, and leaves were obtained from 14-year-old pear trees and treated with V. nashicola for different periods. The results showed that ROS rapidly accumulated in protoplasts of both cultivars within a 120-min treatment period, but the fluorescence intensity of ROS differed between cultivars. The H2O2 content in fruit-derived calluses of Huangguan peaked at 48 h post-infection at levels 1.85 times higher than those in Xuehua. Induction of H2O2 by V. nashicola in Huangguan was more intense than in Xuehua over a 96-h treatment period. At 96 h post-infection, the malondialdehyde content in leaves of Huangguan was significantly lower than in Xuehua, while the activities of superoxide dismutase, peroxidase, and catalase, and the relative expression levels of PbMnSOD, PbPOD, and PbCAT genes were higher in Huangguan than Xuehua. V. nashicola infection also caused a continuous increase in the leaf SA content of Huangguan, which was 6.76 times higher than in Xuehua at 96 h post-infection, and V. nashicola exposure upregulated the expression of PbPAL, PbICS, PbPR1, and PbPR5. In summary, both ROS and SA participated in the responses of pear trees to V. nashicola infection and played vital roles in the signal transduction pathway of pear scab resistance.
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1. Introduction


Reactive oxygen species (ROS) are the products of some essential physiological activities in plants. ROS with strong oxidizing ability are primarily produced by organelles such as mitochondria and chloroplasts [1,2]. When plants respond to pathogenic invasion, ROS bursts are an early marker in affected cells, and this process can take place within a few minutes of infection. There are two main types of ROS in plants: superoxide anions (O2–) and hydrogen peroxide (H2O2) [3]. O2– can convert into H2O2 spontaneously, and this reaction is accelerated by superoxide dismutase (SOD). H2O2 subsequently acts as a plant signal to participate in the induction of plant resistance responses, and excessive intracellular H2O2 is eventually scavenged by catalase (CAT).



When plants interact incompatibly with pathogens, intracellular ROS levels increase rapidly in the plant, and the H2O2 level regulates the plant hypersensitive response [4]. Under biotic stress, both the scavenging of O2– and enhancement of antioxidant enzyme activity repress the hypersensitive response in the host plant. If the plant antioxidant enzyme system is disrupted, a substantial increase in intracellular ROS occurs, eventually causing cell death [5]. Massive accumulation of intracellular ROS can trigger antioxidant mechanisms in plants. For example, macromolecular antioxidant enzymes, including SOD, peroxidase (POD), and CAT scavenge excessive intracellular ROS, a process which in turn mitigates cell membrane lipid peroxidation damage and cytotoxicity and maintains normal redox homeostasis [6].



During the responses of plants to biotic and abiotic stresses, ROS often act as intracellular signaling molecules and participate in plant immune responses [7]. ROS perform various functions: (i) ROS (e.g., H2O2) exhibit a direct antimicrobial effect; (ii) ROS take part in the regulation of lignin biosynthesis, which in turn enhances the strength of cell walls and hinders the spread of pathogens; (iii) ROS induce systemic acquired resistance in plants, promoting the biosynthesis and accumulation of salicylic acid (SA); (iv) ROS play a role in regulating key transcription factors in signal transduction of disease resistance and activate certain protective enzymes. In addition, there may exist feedback regulation mechanisms between H2O2 and SA. While H2O2 induces the accumulation of SA and results in systemic acquired resistance, SA also increases the level of intracellular H2O2 by inhibiting CAT activity [8,9].



Salicylic acid is a vital signaling molecule involved in plant disease resistance and immune responses. The mechanisms underpinning SA biosynthesis mainly include the phenylalanine ammonia lyase (PAL) pathway and the isochorismate synthase (ICS) pathway. When the enzymatic activity of PAL or ICS is inhibited, the susceptibility of plants to pathogens is enhanced and disease resistance is weakened [10,11]. Moreover, expression of specific genes (e.g., nahG) causes a loss of the biological functions of SA, inhibits the accumulation of SA, and distinctly reduces disease resistance in plants [12]. Under normal growth conditions, SA is mostly stored in a protein-bound form, and only free SA exhibits biological activity [13,14]. In plants, SA-binding proteins (with similar functions to CAT) bind endogenous SA and generate specific signals that trigger the hypersensitive response of plants. Additionally, the normal redox state of cells is altered and NPR1 transcription factors are activated, thereby inducing expression of pathogenicity-related (PR) genes [15].



The pear scab pathogen Venturia nashicola Tanaka et Yamamoto is an obligate fungal parasite that only harms pear trees. Pear scab is among the most serious diseases threatening pear production, and it occurs in the shoots, leaves, and fruit of pear trees [16]. After infection, pear fruits develop dark spots and become deformed, with a bitter taste and a loss of edible value. Because most commercial pear cultivars display a certain level of susceptibility, pear scab causes huge economic losses to fruit growers in years when V. nashicola infection is prevalent. Previous studies have mainly explored the control effects of exogenous hormones or chemical reagents on pear scab or their protective effects on infected plants [17,18]. However, the mechanisms underpinning changes in the intracellular signaling molecules in pear in response to V. nashicola infection have not been reported. It remains unclear whether ROS and SA act as signaling molecules in the response of pear to V. nashicola.




2. Materials and Methods


2.1. Plant Materials and Fungal Pathogen


A highly resistant cultivar (Huangguan) and a susceptible cultivar (Xuehua) of pear (Pyrus bretschneideri Rehd) were used in the study. Xuehua belongs to the traditional Chinese white pear system, while Huangguan is a cross between Xuehua (female parent) and Xinshiji (male parent) [19,20]. Fourteen-year-old pear trees (grafting completed in 2003) of both cultivars were provided by the Fruit Tree Research Institute of Shanxi Agricultural University (Taigu, Shanxi Province, China).



The test strain of V. nashicola was obtained from our laboratory. Leaves with pear scab lesions were collected from a pear orchard in Nan’an Town, Wenshui County, Shanxi Province, China. V. nashicola was isolated and purified from typical diseased leaves, and then inoculated on oat agar plates (Figure 1). The pure culture was preserved at the College of Horticulture, Shanxi Agricultural University.




2.2. Pear Fruit Callus Induction


Callus induction of pear fruit was conducted using the method described by Zhao et al. [21]. Mature fruit samples of Huangguan and Xuehua with no evidence of V. nashicola infection were washed with detergent, followed by disinfection with 70% ethanol for 30 s and 0.1% HgCl2 for 20 min. Disinfected fruit samples were then washed in sterile water at least three times. After the fruit was carefully peeled, the pulp was cut into ~1 cm2 slices with a thickness of 1 mm. The slices were placed in Murashige and Skoog medium (6% agar and 3% sucrose, w/v) containing specific hormones for callus induction and subculture. Primary cultures were incubated with a combination of 2,4-dichlorophenoxyacetate (2.0 mg/L) and 6-benzylaminopurine (0.5 mg/L) in darkness at an ambient temperature of ~25 °C and pH 5.8 for ~30 days. Subcultures were incubated with a combination of 2,4-dichlorophenoxyacetate (1.5 mg/L) and 6-benzylaminopurine (1.0 mg/L) under the same conditions for more than 25 days (Figure 2).




2.3. Protoplast Isolation and Purification


Isolation and purification of protoplasts from fruit-derived calluses followed the method established in our laboratory [22]. Briefly, fruit-derived calluses were cut into pieces using a sterile blade and placed in cell protoplast wash (CPW) medium (0.01% KH2PO4·H2O + 0.13% CaCl2·2H2O) containing 2% cellulose R-10, 0.1% macerozyme R-10, 0.1% pectolase Y-23, 0.4% driselase, and 0.7 mol/L mannitol. Enzymatic hydrolysis was performed in a thermostat rotary shaker at 80 rpm and 28 °C for 10 h. After hydrolysis, the reaction solution was filtered through a 400-mesh nylon mesh. The filtrate was collected and centrifuged at 123× g for 15 min. Protoplasts at the bottom of the tube were cleaned with CPW buffer three times and temporarily stored in CPW buffer containing 0.7 mol/L mannitol. The obtained protoplast mixture was slowly floated on a 1.5 mol/L sucrose solution and centrifuged at 100× g for 3 min. The middle layer of relatively pure protoplasts was carefully aspirated using a pipette for further analysis (Figure 3).




2.4. Detection and Quantification of ROS


Purified protoplasts were loaded with the fluorescent probe 2′,7′-dichlorofluorescin diacetate (DCFH-DA, 5 μmol/L; CA1410, Solarbio, Beijing, China) according to the manufacturer’s instructions. Protoplasts were then treated with a conidial suspension of V. nashicola (105–106 conidia/mL) and immediately placed under an inverted fluorescence microscope (IX81; Olympus, Tokyo, Japan) to measure the fluorescence intensity of ROS at 20× magnification. The excitation and emission wavelengths were 488 and 525 nm, respectively. The relative fluorescence intensity of intracellular ROS was measured with five replicates using Image-Pro Plus v6.0 (Media Cybernetics, Rockville, MD, USA).



A conidial suspension of V. nashicola (105 conidia/mL) was prepared in 0.1% sucrose solution and evenly spread on the surface of fruit-derived calluses. Exactly 0.1 g of callus sample that had been infected with V. nashicola (treatments) or not (controls) was weighed into a clean mortar and mixed with 1 mL of 100% acetone. Callus samples were ground thoroughly on ice, and the obtained homogenate was transferred to a 2-mL centrifuge tube. The volume of the homogenate was made up to 1 mL with 100% acetone. The homogenate was centrifuged at 5447× g for 10 min at 4 °C. The supernatant was carefully aspirated using a pipette and kept on ice until analysis. Since H2O2 and Ti(SO4)2 form a yellow titanium peroxide complex with characteristic absorption at 415 nm, a microplate reader (BioTek Synergy, Winooski, VT, USA) was used to measure the absorbance of the reaction solution at 415 nm following the manufacturer’s instructions (BC3595; Solarbio). All measurements were repeated three times.




2.5. Antioxidant Activity Assays


Pear leaves (non-detached) were infected with a conidial suspension of V. nashicola (105 conidia/mL) on both sides, and uninfected leaves served as controls. After 96 h, a 0.5 g sample of infected leaves was weighed into a clean mortar and 2 mL of 10% trichloroacetic acid (TCA) was added. The leaf sample was ground into a homogenate and then transferred into a 10-mL centrifuge tube. The final volume was adjusted to 10 mL using 10% TCA. The homogenate was centrifuged at 1362× g for 10 min at 25 °C. Subsequently, 1 mL of the supernatant was pipetted into a centrifuge tube and mixed with an equal volume of 0.6% thiobarbituric acid prepared with 10% TCA. The mixture was incubated in a boiling water bath for 15 min and then quickly cooled on ice. The malondialdehyde (MDA) content in fruit-derived calluses of both pear cultivars was determined using an ultraviolet-visible spectrophotometer (Shimadzu, Kyoto, Japan). Determination and calculation were performed using five replicates according to the method of Chen et al. [23].



Antioxidant enzyme activity assays were conducted according to the method of Wang et al. [24]. Briefly, 0.5 g of pear leaves that had been infected with V. nashicola (treatments) or not (controls) was weighed into a pre-cooled mortar. The sample was fully ground with 5 mL of phosphate-buffered saline (pH 7.8), and the resulting homogenate was transferred into a 10-mL centrifuge tube. After refrigerated centrifugation (>15 min, 8510× g), the supernatant was collected and kept on ice or in a refrigerator at 4 °C before use. SOD, POD, and CAT activities in supernatants were measured with three replicates each using an ultraviolet-visible spectrophotometer (Shimadzu) at wavelengths of 560, 470, and 240 nm, respectively.




2.6. SA Analysis


Extraction of SA from pear leaves was conducted at 96 h post-infection following the method of Gao and Zhang [25]. The concentration of SA in sample extracts was analyzed using high-performance liquid chromatography (U3000; Thermo Fisher, Waltham, MA, USA) equipped with an Agilent TC-C18 column (250 × 4.6 mm, 5 μm; Santa Clara, CA, USA). The chromatographic conditions were as follows: column temperature, 30 °C; detection wavelength, 280 nm; flow rate of the autosampler, 1 mL/min; injection volume, 20 μL. The mobile phase consisted of methanol and 65% acetonitrile (50:50; v/v). The 65% acetonitrile was prepared using chromatography-grade acetonitrile and purified water.




2.7. Gene Expression Analysis


Total RNA was isolated from callus and leaf samples using CTAB-LiCl according to the method of Jaakola et al. [26].The RNA extracts were treated with DNase I using the following: 5 µg of RNA, 1.2 µL of 10× reaction buffer with MgCl2, 2 µL of DNase I, and 0.5 µL of Ribolock RNAase inhibitor. The reaction system was made up to a final volume of 12 µL with DEPC-treated water and incubated in a water bath at 37 °C for 30 min, followed by 60 °C for 10 min to inactivate DNase I. DNase-treated RNA was reverse-transcribed into complementary DNA using a PrimeScript RT kit (TaKaRa, Otsu, Shiga, Japan). Specific gene primers used for reverse transcription PCR (RT-PCR) were designed using Primer Premier v5.0 (Premier Biosoft International, San Francisco, CA, USA) based on the mRNA sequences of pear-related genes retrieved from the NCBI database https://www.ncbi.nlm.nih.gov/ (accessed on 5 February 2019). Intron-spanning primers were synthesized by BGI (Beijing, China), and primer sequences are listed in Table 1.



PCR samples contained 1 μL cDNA, 10 μL qPCR Mix (TaKaRa), and 0.25 μL each of forward and reverse primers, with nuclease-free water to a final volume of 20 µL. The reaction conditions were as follows: 94 °C for 5 min; 35 cycles at 94 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s; 72 °C for 5 min; 4 °C until removal. PCR products were semi-quantitatively analyzed by 1% agarose gel electrophoresis, and the results were examined using Quantity One v4.6.2 software (Bio-Rad, Hercules, CA, USA) to obtain the grayscale values of DNA bands. The ratio between the grayscale values of each target gene and the internal reference gene (Actin) was calculated as the relative expression level of the target gene.




2.8. Statistical Analysis


Data are expressed as mean ± standard deviation. The significance of differences between mean values (p < 0.05) was analyzed by t-test using SAS v9.0 (SAS Institute Inc., Cary, NC, USA).





3. Results


3.1. ROS Levels in Pear Protoplasts


Dynamic changes in ROS levels in pear protoplasts induced by V. nashicola were analyzed using the DCFH-DA fluorescent probe. It was found that the fluorescence intensity of intracellular ROS gradually increased in the susceptible pear cultivar Xuehua over the 120 min treatment with V. nashicola. Induction of ROS production was observed within 10 min, and the highest fluorescence intensity occurred at 60 min, which was ~5.91 times higher than that of the control. The fluorescence intensity was then maintained at a relatively high level from 60 to 120 min (Figure 4A).



Compared with Xuehua, there were differences in the changes in intracellular ROS levels for the resistant pear cultivar Huangguan after treatment with V. nashicola. Specifically, intracellular ROS seemed to be in an unstimulated state and remained at the initial low level within the first 10 min. The fluorescence intensity of ROS increased substantially from 10 to 30 min, then reached the maximum level at 60 min (p < 0.05). However, this state did not last long, and the ROS fluorescence intensity of Huangguan decreased markedly at 120 min, which was significantly lower than that of Xuehua at the same timepoint (p < 0.05; Figure 4B).




3.2. H2O2 Content in Pear Calluses


The H2O2 content in fruit-derived calluses of both pear cultivars was measured following infection by V. nashicola. There were no significant differences in the H2O2 content of uninfected controls between cultivars during a 96-h treatment period, and the initial H2O2 content of Huangguan was slightly higher than that of Xuehua. The H2O2 content of Xuehua was essentially unaffected by the presence of V. nashicola, and only a slight but not significant increase occurred at 48 h (Figure 5).



In Huangguan, the H2O2 content was significantly higher than that of the control at 24 h, and the highest level was reached at 48 h post-infection, which was 1.85 times higher than that of Xuehua. Despite slight decreases at 72 and 96 h, the H2O2 content was maintained at a relatively high level and was still significantly higher than that of the control (Figure 5). The results indicate that H2O2 participated in the response of the resistant pear cultivar Huangguan to V. nashicola.




3.3. Antioxidant Activity in Pear Leaves


Within 96 h of V. Nashicola treatment, the MDA content of the two pear varieties showed a trend of first rising and then falling, and reached its peak at 72 h, when the MDA content of the Xuehua pear and Huangguan pear was 1.20 and 0.86 mmol·g−1, 1.69 times and 1.41 times higher than before infection, respectively (Figure 6A). In addition, V. Nashicola treatment activated the antioxidant oxidase system of pear, and induced the continuous increase of SOD, POD and CAT activities. After 96 h of treatment, the activities of the three enzymes reached a high level, and the SOD activities of Xuehua pear and Huangguan pear were 612.83 and 650.81 U·g−1, POD activity were 20.80 and 25.41 U·g−1·min−1, and CAT activity were 21.45 and 33.67 U·g−1·min−1, respectively. During the treatment period, the degree of antioxidant enzymes induced by pathogens was more significant, and the activity of the three enzymes were higher than that of the Xuehua pear (Figure 6B–D).



The MDA content in the leaves of both Huangguan and Xuehua was increased significantly at 96 h after infection by V. nashicola. Induction of MDA production was more distinct in the susceptible cultivar Xuehua, with the MDA content reaching ~141% of the control. This result showed that during V. nashicola infection of pear leaves, the membrane structure of leaf cells was affected, and the degree of damage was significantly higher in Xuehua than in Huangguan (Figure 7A).



V. nashicola infection also induced a significant increase in the enzyme activities of SOD and POD and the expression levels of PbMnSOD and PbPOD genes in the leaves of both cultivars at 96 h. In Xuehua, SOD activity was increased by 42.68% and the relative expression level of PbMnSOD was 2.65 times higher than that of the control. In Huangguan, SOD activity was increased by 60.22% and the relative expression level of PbMnSOD was 1.89 times higher than that of the control (Figure 7B). Similarly, POD activity was increased by 56.98% and 47.82% in Xuehua and Huangguan, respectively, while the relative expression level of POD was 1.08 and 1.32 times higher than that of the control, respectively (Figure 7C).



Furthermore, V. nashicola infection enhanced CAT activity in the leaves of both cultivars. This increase was significant in Huangguan (88.21%) but not in Xuehua (6.67%), compared with the control. The relative expression level of PbCAT was 2.74 and 1.60 times higher than that of the control, respectively (Figure 7D).




3.4. SA Content and SA Biosynthesis Gene Expression in Pear Leaves


Irrespective of V. nashicola infection, the free SA content in Huangguan leaves was consistently higher than that in Xuehua leaves (Figure 8A). The leaf SA content increased continuously over time in Huangguan within 96 h post-infection. Although there was also a significant increase in SA content in Xuehua within 48 h post-infection, the SA content was not always maintained at a high level; a remarkable decrease in SA occurred in Xuehua between 48–96 h, and the SA content basically returned to the initial level at 96 h, which only accounted for 14.80% of the free SA content in Huangguan.



The relative expression levels of two important SA biosynthesis genes (PbPAL and PbICS) in pear leaves were analyzed. Both genes were induced by V. nashicola in both pear cultivars. Compared with controls, expression levels of the two genes varied with time (Figure 8B). The expression patterns of PbPAL were basically consistent in the two cultivars within 72 h of infection; gene expression levels first decreased then increased rapidly, then decreased again. Expression of PbPAL was maintained at a relatively high level in Huangguan at 96 h post-infection, but the corresponding gene expression level in Xuehua was relatively low, equivalent to only 48.82% of that of Huangguan (Figure 8C).



Expression of the PbICS gene was continuously upregulated over time in Huangguan within 48 h post-infection (Figure 8D). Despite a temporal decrease at 72 h, expression of PbICS continued to increase and reached its highest level at 96 h post-infection. In Xuehua, induction of PbICS by V. nashicola was observed at a relatively low level. The relative expression level of PbICS in Xuehua was consistently lower than that of Huangguan, except at 24 h post-infection, when the PbICS expression level of Xuehua was 1.48 times higher than that of Huangguan. The relative expression level of PbICS in Xuehua was only 38.21% of that of Huangguan at 96 h of post-infection.




3.5. Pathogenesis-Related Gene Expression in Pear Leaves


Semi-quantitative PCR analysis revealed that V. nashicola exposure induced specific changes in the expression levels of PbPR1 and PbPR5 genes in the leaves of both pear cultivars (Figure 9A). When the resistant cultivar Huangguan was infected by V. nashicola, the expression level of PbPR1 rapidly increased and reached a peak at 24 h; afterwards, gene expression was maintained at a relatively stable level from 48 to 96 h. When the susceptible cultivar Xuehua was infected, expression of the PbPR1 gene was also significantly upregulated at 48 h, but expression then decreased slowly and remained at a relatively low level from 72 to 96 h (Figure 9B). PbPR1 was consistently expressed at a higher level in Huangguan than in Xuehua at the same timepoint within the 96-h treatment period.



In Huangguan, V. nashicola exposure upregulated the expression of PbPR5 in two stages; there was a rapid increase within 24 h post-infection, and then a steady increase over the 48–96 h post-infection. However, in Xuehua, PbPR5 was expressed at relatively high levels only within 48 h post-infection, and relative expression levels were then lower at other timepoints and showed no significant differences (Figure 9C). Overall, when exposed to V. nashicola, the expression levels of PR genes in pear leaves were higher in the resistant cultivar Huangguan than in the susceptible cultivar Xuehua.





4. Discussion


In response to long-term exposure to biotic and abiotic stresses (e.g., drought, salinity, and pathogens), plants have evolved a complex signaling network to ensure normal growth and development [27]. ROS are signaling molecules involved in plant responses to environmental changes or pathogenic invasion [28]. In the present study, we found that V. nashicola infection induced the generation of intracellular ROS fluorescence within a short time and resulted in the continuous accumulation of ROS over a certain period in two pear cultivars with contrasting resistance to pear scab. In addition, levels of H2O2, the most stable signaling molecule among ROS, was differentially abundant in the two pear cultivars exposed to V. nashicola. These results suggest that ROS, including H2O2, participate in the signal transduction of plant resistance to pear scab.



Our previous study showed that V. nashicola infection caused the influx of extracellular Ca2+ in pear; intracellular Ca2+ concentration increased, while the corresponding calcium sensors (e.g., CaMs and CDPKs) were also activated [22]. When plants are exposed to biotic stress, ROS accumulate in apoplasts through apoplast NADPH oxidase and cell wall POD. This ROS accumulation activates cell membrane Ca2+ channels and causes Ca2+ influx, leading to an increase in intracellular Ca2+ and ROS concentrations. Moreover, H2O2 enters the cell through aquaporin on the cell membrane [29,30,31,32]. Furthermore, plant–pathogen interactions drive intracellular organelles (e.g., chloroplasts, mitochondria, and peroxisomes) to produce ROS signals and trigger resistance responses [33]. All these mechanisms may contribute to the changes in intracellular ROS fluorescence in both pear cultivars following V. nashicola infection. The differential abundance of ROS between the susceptible and resistant cultivars may be due to differences in the activity of NADPH oxidase and the stress level experienced by organelles. However, the specific mechanisms require further investigation.



When ROS accumulate excessively in plants, the normal redox homeostasis of cells is disrupted, causing nucleic acid damage, metalloenzyme inactivation, and phospholipid peroxidation, and in severe cases, the cell membrane system is destroyed, leading to cell death [5]. In the present study, we found that following V. nashicola infection, a much larger increase in the MDA content occurred in the susceptible cultivar Xuehua than in the resistant cultivar Huangguan. MDA is one of the major products of membrane lipid peroxidation [34]. The V. nashicola-induced increase in MDA indicates that damage to the cell membrane system of pear leaves was more serious in Xuehua than in Huangguan.



Plants have evolved multiple antioxidant mechanisms to scavenge excessive ROS, which in turn minimizes or prevents the oxidative damage and poisoning of plant cells [35,36]. By assaying antioxidant enzyme activities, we found that V. nashicola infection induced an increase in SOD, POD, and CAT activities in pear leaves, and the induction effects were generally higher in the resistant cultivar Huangguan than in the susceptible cultivar Xuehua. The relatively weak ROS scavenging ability of the antioxidant system in Xuehua may be one of the reasons why this cultivar is more prone to stress and exhibits greater susceptibility to pear scab. In addition, SOD can transform O2– radicals into H2O2, while CAT is mainly responsible for the removal of H2O2 in peroxisomes. Therefore, the higher activity of antioxidant enzymes in Huangguan may be responsible for the later decrease in the fluorescence intensity of intracellular ROS following V. nashicola infection.



SA is a small endogenous hormone synthesized in chloroplasts, which plays an essential role in plant PAMP-triggered immunity, effector-triggered immunity, and systemic acquired resistance [37]. There is evidence that SA participates in and regulates various physiological processes, such as immune responses, plant senescence, and abiotic stress responses [38]. SA positively regulates plant resistance to biotrophic pathogens and negatively regulates plant resistance to necrotrophic pathogens [39,40]. The results of the present study showed that due to the induction effect of V. nashicola, there was a continuous increase in the free SA content of pear leaves in the resistant cultivar Huangguan, whereas the SA content was increased only at specific timepoints post-infection in the susceptible pear cultivar Xuehua. In addition, the leaf SA content of Huangguan was considerably higher than that of Xuehua. These results indicate that the SA signal transduction pathway plays a vital role in plant-pathogen interactions and enhancing pear scab resistance.



The biosynthesis of SA is essential for enhancing the resistance of plants to pathogens. Yang et al. [41] found that an enhancement of the SA biosynthesis pathway in Arabidopsis increases resistance to Pseudomonas syringae, whereas a mutant in which the SA biosynthesis pathway was blocked displayed considerably reduced resistance to this pathogen. In the present study, we analyzed the expression of two genes encoding PAL and ICS, key enzymes in the SA biosynthesis pathway. It was found that although V. nashicola affected the expression levels of both PbPAL and PbICS genes in both pear cultivars, overall, gene expression in the resistant cultivar Huangguan was induced by V. nashicola to a higher degree, and the resulting gene expression levels were higher than those of the susceptible cultivar Xueli. Su et al. [42] also observed an increase in the expression levels of PbPAL and PbICS genes and free SA content in Scutellaria baicalensis seedlings exposed to stress, and the relative expression levels of PbPAL and PbICS were positively correlated with free SA content. Therefore, like SA, PAL and ICS can be indirectly used as indicators of plant disease resistance. Furthermore, our results suggest that the biosynthesis of PAL, ICS, and SA is closely associated with resistance to pear scab.



In this study, V. nashicola infection induced an increase in intracellular ROS (H2O2) levels and facilitated the accumulation of SA in pear leaves. Both ROS and H2O2 levels first increased rapidly and then decreased considerably in the resistant cultivar Huangguan, whereas this pattern was not observed in the susceptible cultivar Xuehua. This seems to be a specific signal produced by Huangguan pear cells infected by V. nashicola, which plays a role in regulating SA biosynthesis and inducing high expression levels of PR genes. However, the potential interaction mechanisms between ROS and SA need to be further explored.



Ca2+-dependent ROS can increase the endogenous SA content in plants and simultaneously induce PR gene expression [43]. H2O2 enhances caspase enzyme activity, contributing to programmed cell death and SA accumulation [44]. In addition, H2O2 is a signaling molecule that activates PAL in plant cells, inducing PR protein expression and inducing systemic acquired resistance [45]. PR proteins are key components in the SA signaling pathway, highly conserved in the plant kingdom, and widely involved in complex defense responses in plant-pathogen interactions [46,47]. In the present study, expression of both PbPR1 and PbPR5 genes was upregulated in pear leaves exposed to V. nashicola, and higher expression levels were observed in the resistant cultivar Huangguan compared with the susceptible cultivar Xuehua. This result indicates that SA may positively regulate PbPR1 and PbPR5 expression by mediating the expression of NPR1 transcription factors, while PR gene expression levels are positively correlated with plant resistance to pear scab.



As a common fungal disease in Asian pear production, scab is still controlled by sterol demethylation inhibitor (DMI) fungicides [48,49]. However, with the widespread use of fungicides, fungal resistance is increasing, and the problem of drug residues is particularly prominent. Under the condition of not affecting plant growth and human health, the development and application of plant disease resistance inducers with new mechanisms to activate the plant’s own disease resistance signal pathway, and strengthen the comprehensive prevention and control of orchard diseases to reduce the disease pressure will become an important control strategy for pear trees against scab in the future [50]. Previous studies have shown that H2O2 signals actively participate in plant regulation of drought, cold damage, high salt and other stresses [51]. The results of this study suggested that there might be some potential interaction mechanism between ROS (H2O2) and SA accumulation (plant immunity). Therefore, exogenous application of H2O2 might activate the SA-mediated resistance signal network, thereby improving the resistance of pear trees to V. nashicola. The selection of the optimal application period and the optimal reagent concentration will be the key points of future research.




5. Conclusions


In summary, this study measured ROS fluorescence intensity, H2O2 content, antioxidant activity, SA biosynthesis, and PR gene expression in two cultivars with contrasting resistance to pear scab following V. nashicola infection. V. nashicola infection induced transient changes in intracellular ROS (H2O2) in both resistant Huangguan and susceptible Xuehua pear cultivars, but the changes in ROS signal differed between cultivars. With the accumulation of ROS, lipid peroxidation of cell membranes was aggravated, and the antioxidant enzyme system was activated. Compared with Xuehua, stress was lower in Huangguan in which antioxidant enzyme activities and related gene expression levels were generally higher. In addition, V. nashicola induced the biosynthesis of endogenous SA and expression of PR genes (PbPR1 and PbPR5), and the induction effects were greater in Huangguan than in Xuehua. The results indicate that transient ROS bursts and continuous SA accumulation in plant cells are essential physiological processes that facilitate resistance to V. nashicola infection in pear. This study unravels the mechanisms underpinning the responses of pear to V. nashicola and highlight the roles of ROS and SA in the signal transduction pathway of pear scab resistance. The results supplied new insights into the roles of ROS and SA in the signal transduction pathways of pear scab resistance. In addition, the results of this study will provide some new ideas for the research and development of pear disease resistance regulators and the improvement of pear tree anti-scab control strategy.
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Figure 1. Colony growth of (A) Venturia nashicola and microscopic morphology of (B) conidia on oat agar medium (25 °C, 10 days). 
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Figure 2. Growth of calluses derived from (a) Huangguan and (b) Xuehua pears. 
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Figure 3. Protoplasts isolated from pear fruit-derived calluses (A) before and (B) after purification. 
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Figure 4. V. nashicola-induced changes in the fluorescence intensity of reactive oxygen species (ROS) in (A) Xuehua and (B) Huangguan pear protoplasts. Fluorescence microphotographs were taken at 20× magnification and show dynamic changes in the fluorescence intensity of ROS at 0 min (Ctrl), 10 min (Scab-10 min), 30 min (Scab-30 min), 60 min (Scab-60 min), and 120 min (Scab-120 min) following V. nashicola infection (bars = 20 μm). Histograms show the relative fluorescence intensity of intracellular ROS at different timepoints analyzed using Image-Pro Plus v6.0 software.Asterisks denote significant differences from control (* p < 0.05). 
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Figure 5. V. nashicola-induced changes in H2O2 content in Xuehua and Huangguan fruit calluses. XH, Xuehua; HG, Huangguan; CK, uninfected control; Scab, infected by V. nashicola. * p < 0.05. 
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Figure 6. Dynamic changes of malondialdehyde (MDA) content and antioxidant enzyme activity (superoxide dismutase, SOD; peroxidase, POD; catalase, CAT) in pear infected by V. nashicola (within 96 h). (A) MDA content; (B) SOD enzyme activity; (C) POD enzyme activity; (D) CAT enzyme activity. 
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Figure 7. Effects of V. nashicola infection on MDA content and antioxidant enzyme activity in two different pear cultivars. CK, uninfected control; Scab-96 h, fruit-derived calluses at 96 h post-infection with V. nashicola. (A) MDA content; (B) SOD enzyme activity and PbMnSOD gene expression; (C) POD enzyme activity and PbPOD gene expression; (D) CAT enzyme activity and PbCAT gene expression. * p < 0.05. 
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Figure 8. Effects of V. nashicola infection on salicylic acid (SA) biosynthesis in pear leaves. (A) Free SA content in Huangguan (HG) and Xuehua (XH); (B) expression of SA biosynthesis genes PbPAL and PbICS detected by semi-quantitative PCR; (C,D) relative expression changes of PbPAL and PbICS genes analyzed using Quantity One software; 0 h and CK, uninfected controls; 24 h–96 h, timepoints post-infection by V. nashicola. 
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Figure 9. Effects of V. nashicola infection on expression of pathogenicity-related genes in pear leaves. (A) Expression of PbPR1 and PbPR5 detected by semi-quantitative PCR; (B,C) relative expression changes of PbPR1 and PbPR5 genes analyzed using Quantity One software. CK, uninfected control; 24 h–96 h, timepoints post-infection by V. nashicola. HG, Huangguan’; XH, Xuehua. 
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Table 1. Primers used for reverse transcription PCR of target genes in pear.
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	Gene Name
	Forward Primer (5′–3′)
	Reverse Primer (5′–3′)





	Actin (reference gene)
	ACAACTGGTATTGTGCTGGAC
	CATATGCAAGCTTCTCCTTC



	PbMnSOD
	TCAAGTTCAAGTGCGGAGGTCATG
	ACGCAGCACCTTCTGTGTTGATC



	PbPOD
	GCCTTCTCTTGGCTCAGGAACATC
	CCTTGTTGAGTCCAGCAGCAGAG



	PbCAT
	TACTCAGAGGCACCGTCTTGGC
	CAGCATGGCGAGCAGGATCATAC



	PbPAL
	ACCAAACGGTCAGACCCTCA
	GGATGCCAAGCCAGAACCAA



	PbICS
	GAAATCAAACCCGCCTCCGT
	AGAAGAAACAGCGCGGAAGG



	PbPR1
	ACTGCAATCTCGTGCACTCC
	TGCCCACACACCTTTCCATC



	PbPR5
	AGTGCAAGCCCTCATCTTGC
	CGAATCACCAAACGCAAGGC
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